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Introduction 
 

Prostate cancer is the most comm only diagnosed cancer and is  the second leading  cause 
of cancer death in the US (1). Most patien ts diagnosed with prostate cancer are treatable, but the 
patients usually die from hormone refractory (HRPC) and metastatic disease. Thus there is a dire 
need for the developm ent of novel strategies by  which HRPC and m etastatic disease could be 
treated with a bette r outcome. Among many signaling pathways , the Notch signaling pathway 
has recently emerged and appears to  play a critical  role in maintaining the balance between cell 
proliferation, differentiation and apoptosis. There are con siderable evidences sh owing that 
expression of Notch receptors and their ligands is upregulated in many cancers including prostate 
cancer (2-7). Hence, perturbation in Notch signaling is believed to contribute to tumorigenesis. It 
has been reported that Jagged-1 is highly expressed in prostate cancer cells (8, 9). It was found to 
be increased in the conditioned media in prostate cancer cells (10). Jagged-1 is significantly over 
expressed in m etastatic prostate cancer as co mpared with localized p rostate cancer or ben ign 
prostatic tissues (11). F urthermore, high Jagged-1 expression in a subset of clinically localized 
tumors was significan tly associated with recurren ce, independent of other clinical param eters 
(12). These findings suggest that dysregulation of Jagged-1 protein levels plays a role in prostate 
cancer cell growth and progression to metastatic disease. Therefore, down-regulation of Jagged-1 
signaling could be a novel approach for the treatment of HRPC and metastatic disease. Data from 
our laboratory showed that Jagged-1 signaling could be down regulated  by Jagged-1 siRNA but 
more importantly by soy isoflavone genistein (a  known chemopreventive agent) and that there is 
a cross ta lk between Akt/NF-κB and Jagged-1 signaling. We hypot hesize that inactivation of 
Jagged-1 signaling by genistein, which could be dire ctly due to trans criptional inactivation of 
Jagged-1 or indirectly due to inactivation of Akt/NF-κB, will not only b e a novel ap proach for 
the treatment of HRPC and m etastases but will al so sensitize prostate cancer cells to Taxotere-
induced killing. The purpose of our cu rrent investigation: is 1) to determine the effect of altered 
Jagged-1 expression on prostate ca ncer cells. We will determ ine the critica l contribution of  
Jagged-1 to prostate cancer ce ll proliferation, m igration and invasion by using the Jagged-1-
siRNA and Jagged-1-cDNA transf ection experiments for down-regulation and over-expression 
of Jagged-1, respectively. 2) to determ ine whether Jagged-1 over-expre ssion contributes to 
prostate cancer progressi on via activation of Akt/NF- κB pathway. W e will de termine the 
molecular mechanisms by which Jagged-1 regulates NF- κB and their downstream  signaling 
pathway (VEGF, MMP-2 and MMP- 9), leading to apoptototic cell death and inhibition of 
invasion and angiogenesis. 3) to test whet her the down regulation of Jagged-1 signaling by 
chemopreventive agents (geniste in) could sensitize PC-3, D U145, LNCaP and C4-2B prostate 
cancer cells to Taxotere-induced cell growth i nhibition and apoptosis, and we will also tes t 
whether the che mo-sensitizing effect of genistei n is m echanistically associated with Jagged-
1/NF-κB signaling and its downstream genes, especially MMP-9 and VEGF. 
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Body of report 
 
Task-1: To determine the effect of altered Jagged-1 expression on prostate cancer cells. We will 
determine the critical contribution of Jagged-1 to prostate cancer cell proliferation, migration and 
invasion by using the Jagged- 1-siRNA and Jagged-1-cDNA transfection experim ents for down-
regulation and over-expression of Jagged-1, respectively (Month 1-8):  

a) Conduct our experim ents in Jagged-1 siRNA and Jagged-1 cDNA transfected prostate 
cancer cells to establish the mechanistic role of Jagged-1  

b) The migration and invasion activity of Ja gged-1 cDNA or Jagged-1 siRNA transfected 
cells will be tested 

  
Here it is our observations: 
1. Notch signaling pathway in prostate cancer cells. The baseline  expression and activation 
of the Notch signaling mRNA and pr oteins were determined in a panel of human prostate cancer 
cell lines that included PC-3, DU145, LNCaP, C4-2B, and MDA PCa2B. The results showed that 
the Notch signaling pathway was frequently but differentially dysregulated in the different human 
prostate cancer cell lines (Fig-1). This information will be important in interpreting data on the 
experiments below.  
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Fig-1: The baseline expression of the Notch signaling mRNA and proteins were determined    
             in a panel of human prostate cancer cell lines. Notch signaling pathway was frequently  
             but differentially dysregulated in the different human prostate cancer cell lines. 
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2. Down-regulation of Notch-1 and Jagged-1 expression by siRNA inhibited cell growth and 
induced apoptosis. We found that both Notch-1 and Jagged-1 at m RNA level and protein levels 
were barely detectable in Notch-1 siRNA 
and Jagged-1 siRNA transfected cells, 
respectively, compared to siRNA control 
transfected cells (Fig . 2A). W e also 
carried out a standard CBF-1 binding 
luciferase reporter assay. NICD binds 
with CBF-1 and other proteins to form  a 
DNA binding complex. As expected, we 
found that Notch-1 siR NA and Jagged-1 
siRNA transfected PC-3 cells  co-
transfected with the lu ciferase construct 
resulted in a signif icantly decrease in 
relative luciferase activity, respectively, 
indicating that the d ecrease in CBF-1 
binding was due to the inhibition of 
NICD. The cell viab ility was f urther 
determined by MTT assay as shown by 
Fig. 2B. We found that down-regulation 
of Notch-1 or Jagged-1 expression by 
siRNAs caused cell growth inhibition of 
PC-3 prostate cancer cell lin e. Moreover, 
we found that GSI inhibited the Notch-1 
expression and consequently GSI had a 
strong effect in inhi biting the grow th of 
PC-3 cell line (Fig. 2C). In addition, we  
have also tested the effects of down-
regulation of Notch-1 or Jagged-1 on  cell 
viability by clonogenic assay as s hown 
below.   
 
3. Inhibition of Cell Growth/Survival by 
Clonogenic Assay. To determine the effect 
of Notch signaling on cell growth,  cells 
were transfected with Notch-1 siRNA or  
Jagged-1 siRNA and assessed for cell 
viability by clonogenic assay. Both Notch-
1 siRNA and Jagged-1 siRNA transfection 
resulted in a significant inhibition of colony 
formation of PC-3 cells when com pared to 
control (Fig. 3A). Overall, the results from 
clonogenic assay was consistent  with the 
MTT data as shown in Figure 2B, 
suggesting that down-regulation of Notch-1 
and Jagged-1 inhibited cell growth of PC-3 
prostate cancer cells. We investigated 
whether the overall growth  inhibitory 
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effects of Notch-1 siRNA or Jagged-1 siRNA are in  part due to induction  of apoptosis, which 
was examined by using an ELISA- based assay. These results provided convincing data that 
down-regulation of Notch-1 or Ja gged-1 by siRNAs induced apoptosis in PC-3 prostate cancer 
cell line (Fig. 3B).  
 
4. Down-regulation of Notch-1 and Jagged-1 decreased PC-3 prostate cancer cell migration 
and invasion. MMP-9, VEGF and uPA are tho ught to be critically invo lved in the processes of 
tumor cell migration, invasion and metastasis. 
Because Notch-1 and  Jagged-1 siRNA 
inhibited the expression and activity of MMP-
9, VEGF a nd uPA, we  tested the effects of 
Notch-1 and Jagged-1 down-regulation on 
cancer cell migration and invasion. We found 
that down-regulation of Notch-1 and Jagged-1 
decreased prostate cancer cell m igration. 
Moreover, as illustrated in Figure  4, Notch-1 
and Jagged-1 siRNA transfected cells showed 
a low level of penetration through the 
matrigel-coated membrane compared with the 
control cells. The value of fluorescence from 
the invaded PC-3 prostate can cer cells was 
decreased about 3-4 fold com pared with that  
of control cells (Fig. 4).  

Fig-4: Down-regulation of Notch-1 and Jagged-1 
decreased PC-3 prostate cancer cell migration and 
invasion.   

 
 Task-2: To determine whether Jagged-1 over-expre ssion contributes to prostate cancer 

progression via activation of Akt/NF-κB pathway. We will determine the molecular mechanisms 
by which Jagged-1 regulates NF- κB and their downstream  signaling pathway (VEGF, MMP-2  
and MMP-9), leading to apoptototic cell deat h and inhibition of i nvasion and angiogenesis 
(Month 9-16).  
 

a) Test how Jagged-1 m ay NF-κB and its downstream  genes such as MMP-2, MMP-9 and 
VEGF. 

b) Test the co nsequence of MMP-9 and VEGF  down regulation on prostate cancer cell 
angiogenesis. 

 
Here it is our observation:  
 
1. Down-regulation of Notch-1 and Jagged-1 decreased MMP-9 gene transcription and 
their activities. We therefore investigated whether MMP-9 were down-regulated by Jagged-1 
and Notch-1 siRNA in prostate PC-3 cancer cell line. To explore whether Jagged-1 and Notch-1 
siRNA transfection could decrease the expressi on of MMP- 9, real-time RT-PCR a nd Western 
blotting were conducted. W e found that both MMP-9 mRNA and protein levels were 
dramatically decreased in the Notch-1 and Jagge d-1 siRNA transfected cel ls (Fig. 5). Next, we  
examined whether the down-regulation of Jagged- 1 and Notch-1 could lead  to a d ecrease in 
MMP-9 activity in prostate cancer cells. There was a marked decrease in the activity of MMP-9 
in siRNA transfected cells.  
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Fig-5: Down-regulation of 
Notch-1 and Jagged-1 
decreased MMP-9 gene 
transcription, translation 
and their activities. 

 
2. Notch-1 siRNA and Jagged-1 siRNA reduced uPA and VEGF gene transcription and 
translation. To further investigate whether Notch-1 and Jagged-1 siR NA have any effect on 
reducing the level of  uPA, real-time 
RT-PCR and Western blotting were 
done to detect the expression of uPA. 
We found that both uPA mRNA a nd 
protein levels were dram atically 
reduced in Notch-1 and Jagged-1 
siRNA transfected cells (Fig. 6). We 
also found that the ac tivity of uPA in 
medium was decreas ed. Moreover, we 
found that the expression of VEGF at  
mRNA and protein levels was  
decreased by Jagged-1 siRNA or  
Notch-1 siRNA. To further explore 
whether Notch-1 siRNA reduced VEGF 
activity, we examined the levels  of 

VEGF activity sec reted in the cu lture 
medium. We found that Notch-1 and  
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Jagged-1 siRNA could lead to a 
decrease in the levels of VEGF secreted 
in the culture medium (Fig. 6). 

Fig-6: Down-regulation of Notch-1 and Jagged-1 
decreased uPA and VEGF gene transcription, 
translation and their activities. 

 
4. Down-regulation of Notch-1 and Jagged-1 decreased NF-κB DNA binding activity.  

PC-3 LNCaPPC-3 LNCaP
CS  NS  JS CS  NS  JSCS  NS  JS CS  NS  JS

NF-κB

PC-3 LNCaPPC-3 LNCaP
CS  NS  JS CS  NS  JSCS  NS  JS CS  NS  JS

NF-κB

Notch signal pathway has been reported to cross-talk with NF-κB signaling pathway. Therefore, 
we measured the NF-κB DNA-binding activity by EMSA in 
Notch-1 and Jagged-1 siRNA tr ansfected cells. W e found 
that down-regulation of Notch-1 and Jagged-1 by siRNA  
transfection decreased NF-κB DNA-binding activity (Fig. 7).  
 

Fig-7: Down-regulation of Notch-1 and Jagged-1 decreased 
NF-κB DNA binding activity.  
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Task-3: We will test w hether the d own regulation of Jagged-1 sign aling by chemopreventiv e 
agents (genistein) could sensitize PC-3, DU145, LNCaP and C4-2B prosta te cancer cells to 
Taxotere-induced cell growth inhibition and apoptosis, and we will also test whether the chemo-
sensitizing effect of geni stein is mechanistically associated with Jagged -1/NF-κB signaling and 
its downstream genes, especially MMP-9 and VEGF (Month 17-24). 
 

a) Conduct our experim ents in Jagged-1 siRNA and Jagged-1 cDNA transfected prostate 
cancer cells treated with or without genistein to establish the mechanistic role of Jagged-1 
during genistein-induced cell growth inhibition and induction of apoptosis.  

b) Prostate cancer cells will be exposed to  isoflavone for 24 hours followed by treatm ent 
with Taxotere. We will measure cell growth inhibition by MTT assay and apoptos is by 
histone/DNA ELISA.  

c) Proteins extracted from the cells will be subjected to Western blot analysis for measuring 
the levels of Jagged-1 and NF- κB targeted genes (such as Jagged-1, Notch-1, MMP-9, 
VEGF, COX-2).  

d) Measure the DNA binding activity of NF- κB, and all the signals  will be quantitated 
following our standard approach. 

 
Here it is our observations:  
 
1. Genistein induced cell growth inhibition of prostate cancer cells. First, we examined the 
growth inhibitory effects of genistein using the 
WST assay in four human PCa cell lines such as 
PC-3, LNCaP, C4-2B, and DU-145. As shown in 
Fig. 1, the treatment of PCa cells with 15, 30, 50 
and 100 μM of genistein resulted in cell growth 
inhibition in a dose-dependent and tim e-
dependent manner in PC-3, LNCaP and C4- 2B 
cell lines (F ig. 8A). Interestingly, genistein did 
not significantly inhibit DU-145 cell growth at 
low concentration. 100 μM genistein caused 80% 
cell growth inhibition in  PC-3, LNCaP and C4-
2B, whereas this concentration caused only 40% 
cell growth inhibition in DU-145. To confirm the 
results, we have also  tested th e effects of  
treatment on cell viability by clonogenic assay as 
shown below. To further determ ine the effect of 
genistein on cell growth,  cells were treated with 
genistein and assessed for cell viability by 
clonogenic assay. Geni stein resulted in a  
significant inhibition of colony formation of PC-
3 and LNCaP cells when com pared with control 
(Fig. 8B). Overall, th e results from clonogenic 
assay was consisten t with the WST data, 
suggesting that genistein inhibits cell growth of 
PCa cells. Further, to assess whether the lo ss of cell viability could in part be due to apoptotic 
cell death, we evaluated the degree of apoptosis induced by genistein using histone-DNA ELISA 
as shown below. PC-3, LNCaP, C4- 2B and DU-145 cells were treated with 15, 30 and 50 μM 
genistein for 72 h. After treatm ent, the degree of apoptosis was measured in all four cell lines. 
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The induction of apoptosis was found to be do se-dependent in PC-3, LNCaP and C4-2B cel l 
lines (Fig. 8C). However, geni stein did not induce apoptosis in DU-145 cells. These results 
provided convincing data showing that genistein could induce apoptosis in PCa cells. In order to 
further understand the molecular m echanism involved in genistein-induced apoptosis of PCa 
cells, alterations in the cell survival pathway were investigated. Our previous studies have shown 
that Notch signaling is over-expressed  in PCa and is involved in the inhibition of apoptosis,  

potentiation of cell growth, and angiogenesis and thus considered  as a putative target for drug 
development. Therefore, we investigated wh ether genistein could regulate Notch signaling 
pathway.  
 
2. Down-regulation of Notch-1 expression 
by genistein. Notch-1 mRNA and protein 
expression in PCa cell line s treated with 
genistein for 72 h were  assessed. We found 
that Notch-1 was down-regulated by 
genistein in all thr ee cell lines (Fig. 9A). To 
confirm the effect on Notch by genistein, we 
also detected the expression of Notch-1 target 
gene pAkt in PCa cells after genistein 
treatment. We found t hat genistein inhibited 
the pAkt expression (F ig. 9A). Recently, the 
high expression of F oxM1 was reported in 
PCa. Down-regulation of FoxM1 by siRNA 
inhibited cell growth in PCa cell lines.  
Moreover, FoxM1 has been shown to cross-
talk with th e PI3K/Akt pathway. T herefore, 
we also detected the FoxM1 expression in 
PCa cells with geniste in treatment. As 
expected, FoxM1 expression was inhibited 
by genistein (Fig. 9A). To further confir m 
our results, we also did imm unofluorescent 
staining. Indeed, we obs erved lower level of 
FoxM1 protein in genistein treated cells (Fig. 
9B). Next, we assessed whether FoxM1 is 
downstream of Akt pathway or not for which 
we designed the experim ents as shown 
below.  
 
3. Down-regulation of Akt inhibited FoxM1 expression. We detected the basal level of  
FoxM1 in PC-3, DU145, LNCaP, a nd C4-2B cell lines using Real-time RT-PCR a nd Western 
Blotting, respectively. We found t hat FoxM1 is highly expressed in  PC-3 and C4-2B, which is 
consistent with pAkt expression (Fig. 10A). It  has been shown that Akt can control FoxM1 
expression in osteosarcoma , and thus we sough t to determine whether FoxM1 expression could 
be controlled by Akt in PCa cells. As expect ed, over-expression of pAkt by Akt cDNA plasm id 
increased FoxM1 expression in PC-3 cells (Fi g. 10B). However, down-regulation of pAkt by  
siRNA inhibited FoxM1 expression in PC-3 cells (Fig. 10B). More over, we found that 
LY294002 and Wortmanin, the PI3K inhibitors, eliminated the expression of FoxM1 (Fig. 10C), 
suggesting that FoxM1 is regulat ed by Akt pathway in PCa cells . Next, we assessed whether 

 10



Notch-1 could regulate the FoxM1 expression b ecause Akt is one of the Notch-1 target genes, 
which appears to regulate FoxM1.  
 
4. Down-regulation of Notch-1 expression inhibited FoxM1. Down-regulation of Notch-1 by 
siRNA transfection and gamma secretase inhibitor (GSI, L-685,458, DAPT) treatm ents showed 
lower expression of Notch-1 prot ein as confirmed by Western blotting (Fig. 11A, 11B). Indeed, 
inhibition of Notch-1 significantly decreased pA kt and FoxM1 expression in PC-3 and C4-2B 
cell lines (Fig. 11A, 11B). Conve rsely, over-expression of Notch-1 by ICN transfection showed 
increased expression of FoxM1 at the mRNA a nd protein levels (Fig. 11B). Furtherm ore, 
immunofluorescent staining showed higher levels of FoxM1 protein in PC-3 IC N cells (Fig. 
11C), suggesting that FoxM1 is regulated by Notch-1.  

 
5. Down-regulation of Notch-1 expression by siRNA potentiates genistein-induced cell 
growth inhibition and apoptosis. We found that the down-regulat ion of Notch-1 expression 
significantly inhibited cell growth induced by genistein (Fig. 12). Genistein plus Notch-1 siRNA 
inhibited cell growth to a greater degree compared to genistein alone. Moreover, Notch-1 siRNA 
transfected PC-3 cells were si gnificantly more sensitive to s pontaneous and genistein-induced 
apoptosis (Fig. 12A). However,  over-expression of Notch-1 re scued genistein-induced cell 
growth inhibition and abrogated genistein-induced apoptosis to  a certain degree (Fig. 12B). 
These results provide molecular evidence su ggesting that genistein induced cell growth 
inhibition and apoptosis is in part mediated through Notch-1 signaling pathway in PCa cells.  
 
6. Genistein-mediated effects on PCa cells were enhanced by taxotere in inhibiting cell 
growth and causing induction of apoptosis. We found that taxotere did not significantly inhibit 
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the Notch-1 and pAkt expression (data not 
shown). However, taxotere inhibited FoxM1 
expression in all three PC cells (Fig. 12C) . 
Next, we tested whether genistein could 
synergize with taxo tere leading to e nhanced 
suppression of cell growth as assessed by 
MTT assay. As can be seen from the results 
presented in Fig. 12D, 30 μM genistein alone 
or 1nM taxotere alone caused 40-50% cell 
growth inhibition, whereas the combination 
of genistein and taxotere showed drastic 
inhibition (about 80%) in  cell growth, which 
was also found to be s ynergistic in inducing 
apoptotic cell death (Fig. 12D). 
 
These results have been published two papers 
in “Journal of Cell Biochemistry”.  
 
 
 
 
 
 
Key Research Accomplishments 
 

 We have found that Jagged signaling pathway plays important roles in prostate 
cancer cells. 

 
 Down-regulation of Jagged-1 or Notch-1 induces cell growth inhibition. 

 
 Down-regulation of Jagged-1 induced apoptosis in prostate cancer cell lines. 

 
 Down-regulation of Notch-1 and Jagged-1 decreased MMP-9 gene transcription and 

their activities. 
 

 Notch-1 siRNA and Jagged-1 siRNA reduced uPA gene transcription and 
translation. 

 
 Notch-1 and Jagged-1 siRNA decreased VEGF activity. 

 
 Down-regulation of Notch-1 and Jagged-1 decreased NF-κB DNA binding activity. 

 
 Down-regulation of Notch-1 and Jagged-1 decreased PC-3 prostate cancer cell 

migration and invasion. 
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 Genistein down-regulated the Notch and Jagged-1 expression in prostate cancer 
cells.  

 
 Genistein enhanced the antitumor activity of Taxotere through Notch/Jagged 

pathway in prostate cancer cells. 
 
I attended many seminars to learn new technology and new knowledge. I went to AACR meeting 
every year. After three years train ing under my mentor Dr. Fazlul Sark ar, I will becom e junior 
faculty in D epartment of Pathology, Beth Isra el Deaconess Medical Ce nter, Harvard Medical 
School in May 2011.  
 
Reportable Outcomes 
We have published seven papers during the reporting period for this DOD award. 
 
The abstracts of which are presen ted below. Our published review articles also provided 
comprehensive results that we have obtained.  
 
Abstract: Journal of the cell Biochemistry 2010 109 (4): 726-736 
Notch signaling is involved in a variety of cellular processes, such as cell fate specification, 
differentiation, proliferation, and survival. Notch-1 over-expression has been reported in 
prostate cancer metastases. Likewise, Notch ligand Jagged-1 was found to be over-expressed in 
metastatic prostate cancer compared to localized prostate cancer or benign prostatic tissues, 
suggesting the biological significance of Notch signaling in prostate cancer progression. 
However, the mechanistic role of Notch signaling and the consequence of its down-regulation in 
prostate cancer have not been fully elucidated. Using multiple cellular and molecular 
approaches such as MTT assay, apoptosis assay, gene transfection, real-time RT-PCR, Western 
blotting, migration, invasion assay and ELISA, we found that down-regulation of Notch-1 or 
Jagged-1 was mechanistically associated with inhibition of cell growth, migration, invasion and 
induction of apoptosis in prostate cancer cells, which was mediated via inactivation of Akt, 
mTOR and NF-κB signaling. Consistent with these results, we found that the down-regulation of 
Notch-1 or Jagged-1 led to decreased expression and the activity of NF-κB downstream genes 
such as MMP-9, VEGF and uPA, contributing to the inhibition of cell migration and invasion. 
Taken together, we conclude that the down-regulation of Notch-1 or Jagged-1 mediated 
inhibition of cell growth, migration and invasion, and the induction of apoptosis was in part due 
to inactivation of Akt, mTOR and NF-κB signaling pathways. Our results further suggest that 
inactivation of Notch signaling pathways by innovative strategies could be a potential targeted 
approach for the treatment of metastatic prostate cancer. 
 
Abstract: Journal of the cell Biochemistry 2011 112 (1): 78-88 
Genistein is a known inhibitor of protein tyrosine kinases, which is known to inhibit cell 
proliferation and induces apoptotic cell death. Although many studies have been done to uncover 
the mechanisms by which genistein exerts its antitumor activity, the precise molecular 
mechanisms remain to be unclear. In the present study, we assessed the effects of genistein on 
cell viability and apoptosis in prostate cancer. For mechanistic studies, we used multiple cellular 
and molecular approaches such as gene transfection, real-time RT-PCR, Western blotting, 
invasion assay and ELISA. For the first time, we found a significant reduction in cell viability in 
genistein treated cells, which was consistent with induction of apoptosis and also associated with 
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down-regulation of Notch-1, Akt and FoxM1. We also found down-regulation of FoxM1 by 
Taxotere in prostate cancer cells. Moreover, we found that genistein enhanced the antitumor 
activity of Taxotere in prostate cancer cells. Taken together, we conclude that the down-
regulation of Notch-1 by genistein could be an effective approach, which will cause down-
regulation of Akt and FoxM1, resulting in the inhibition of cell growth. These results suggest that 
antitumor activity of genistein is mediated through a novel mechanism involving inactivation of 
Notch-1/Akt/FoxM1 signaling pathways. 
 
Abstract: Biochim Biophys Acta reviews on cancer 2010 1806 (2): 258-67 
Chemotherapy is an important therapeutic strategy for cancer treatment and remains the 
mainstay for the management of human malignancies; however, chemotherapy fails to eliminate 
all tumor cells because of intrinsic or acquired drug- resistance, which is the most common 
cause of tumor recurrence. Recently, emerging evidences suggest that Notch signaling pathway 
is one of the most important signaling pathways in drug-resistant tumor cells. Moreover, down-
regulation of Notch pathway could induce drug sensitivity, leading to increased inhibition of 
cancer cell growth, invasion, and metastasis. This article will provide a brief overview of the 
published evidences in support of the roles of Notch in drug-resistance, and will further 
summarize how targeting Notch by “natural agents” could become a novel and safer approach 
for the improvement of tumor treatment by overcoming drug-resistance. 
 
Abstract: Biochim Biophys Acta reviews on cancer 2010 1806 (2): 122-30 
Platelet-derived growth factor-D (PDGF-D) can regulate many cellular processes, including 
cell proliferation, apoptosis, transformation, migration, invasion, angiogenesis and metastasis. 
Therefore PDGF-D signaling has been considered to be important in human malignancies, and 
thus PDGF-D signaling may represent a novel therapeutic target, and as such suggests that the 
development of agents that will target PDGF-D signaling is likely to have a significant 
therapeutic impact on human cancers. This mini-review describes the mechanisms of signal 
transduction associated with PDGF-D signaling to support the role of PDGF-D in the 
carcinogenesis. Moreover, we summarize data on several PDGF-D inhibitors especially 
naturally occurring “chemopreventive agent” such an indole compound, which we believe could 
serve as a novel agent for the prevention of tumor progression and/or treatment of human 
malignancies by targeted inactivation of PDGF-D signaling. 
 
Abstract: Cancer Letters 2010 292 (2): 141-8 
Notch signaling pathways are known to regulate many cellular processes, including cell 
proliferation, apoptosis, migration, invasion, and angiogenesis, and is one of the most important 
signaling pathway during normal development. Recently, emerging evidences suggest that 
microRNAs (miRNAs) can function as key regulators of various biological and pathologic 
processes during tumor development and progression. Notch signaling has also been reported to 
be regulated through crosstalk with many pathways and factors where miRNAs appears to play a 
major role. This article will provide a brief overview of the published evidences for the 
crosstalks between Notch and miRNAs. Further, we summarize how targeting miRNAs by natural 
agents could become a novel and safer approach for the prevention of tumor progression and 
treatment. 
 
 Abstract: Cancer Letters 2010 279 (1): 8-12 
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The Notch signaling pathway is known to be responsible for maintaining a balance between cell 
proliferation and death and, as such, plays important roles in the formation of many types of 
human tumors. Recently, Notch signaling pathway has been shown to control stem cell self 
renewal and multi-potency. As many cancers are thought to be developed from a number of 
cancer stem-like cells, which are also known to be linked with the acquisition of epithelial-
mesenchymal transition (EMT); and thus suggesting an expanding role of Notch signaling in 
human tumor progression.  
 
Abstract: Anticancer Research 2010 279 (1): 8-12 
The Notch signaling pathway appears to be responsible for maintaining a balance between cell 
proliferation and apoptosis and thus it has been suggested that Notch may play an important 
role in species development and in the development and progression of several malignancies. 
Therefore, the Notch signaling pathway may represent a novel therapeutic target, which could 
have the highest therapeutic impact in modern medicine. This review describes the mechanisms 
of signal transduction of the Notch signaling pathway and provides emerging evidence in 
support of its role in the development of human malignancies. Further attempts have been made 
to summarize the role of several chemopreventive agents that could be useful for targeted 
inactivation of Notch signaling, which could become a novel approach for cancer prevention and 
treatment. 
 
 
Conclusion: The all experiments have been completed. We have published seven papers. We 
have found and reported that Jagged-1 and Notch play important roles in prostate cancer cell 
proliferation, migration and invasion via activation of Akt/NF-κB pathway and their downstream 
genes such as MMP-9, VEGF, lead ing to apoptototic cell death and inhibition of invasion and 
angiogenesis. Moreover, down regulation of Jagged-1 signaling by chem opreventive agents 
(genistein) could sensitize pros tate cancer cells  to Taxotere-induced cell growth inhibition and  
apoptosis, which is m echanistically associated with Jagged-1/N F-κB signaling and its 
downstream genes, especially MMP -9 and VEGF . These studies p rovided the m echanisms to 
target Jagged-1/Notch pathway for cancer therapy.   
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ABSTRACT
Although many studies have been done to uncover the mechanisms by which down-regulation of Notch-1 exerts its anti-tumor activity

against a variety of human malignancies, the precise molecular mechanisms remain unclear. In the present study, we investigated the cellular

consequence of Notch-1 down-regulation and also assessed the molecular consequence of Notch-1-mediated alterations of its downstream

targets on cell viability and apoptosis in prostate cancer (PCa) cells. We found that the down-regulation of Notch-1 led to the inhibition of cell

growth and induction of apoptosis, which was mechanistically linked with down-regulation of Akt and FoxM1, suggesting for the first time

that Akt and FoxM1 are downstream targets of Notch-1 signaling. Moreover, we found that a ‘‘natural agent’’ (genistein) originally discovered

from soybean could cause significant reduction in cell viability and induced apoptosis of PCa cells, which was consistent with down-

regulation of Notch-1, Akt, and FoxM1. These results suggest that down-regulation of Notch-1 by novel agents could become a newer

approach for the prevention of tumor progression and/or treatment, which is likely to be mediated via inactivation of Akt and FoxM1

signaling pathways in PCa. J. Cell. Biochem. 112: 78–88, 2011. � 2010 Wiley-Liss, Inc.
KEY WORDS: NOTCH-1; PROSTATE CANCER; CELL GROWTH; APOPTOSIS; Akt; FoxM1
Although prostate cancer (PCa) mortality has been decreased

in recent years, it is still the second leading cause of cancer-

related deaths in men in the United States [Jemal et al., 2009].

Therefore, there is a tremendous need for the development of

mechanism-based strategies by which PCa could be treated with a

better outcome. Notch signaling has been very attractive due to its

functions in a variety of cellular processes, including differentiation,

proliferation, and survival [Rizzo et al., 2008]. Four Notch receptors

(Notch 1–4) and five ligands (Jagged-1, 2, Delta-1, 3, 4) have been

described in mammals [Miele et al., 2006]. Binding of ligand to its

receptor induces metalloproteinase-mediated and gamma secretase-

mediated cleavage of the Notch receptor. The Notch intracellular

domain (ICN) is released from the plasma membrane and

translocates into the nucleus and activates its target genes [Miele,

2006; Wang et al., 2008]. Notch signaling pathway was found to be

over-expressed in PCa cell lines [Shou et al., 2001; Wang et al.,

2010b]. Moreover, Notch signaling pathways play important roles in
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prostate development and progression [Leong and Gao, 2008; Bin

et al., 2009].

Recently, another signaling pathway, namely FoxM1, has been

shown to be over-expressed in PCa and studies have shown that

alterations in FoxM1 signaling were associated with carcinogenesis

[Kalin et al., 2006; Chandran et al., 2007; Pandit and Gartel, 2010].

Specifically, FoxM1 signaling network is frequently up-regulated in

most human malignancies including lung cancer, glioblastomas,

PCa, basal cell carcinomas, hepatocellular carcinoma, breast cancer,

and pancreatic cancer [Gartel, 2008, 2010; Wang et al., 2010a],

suggesting that FoxM1 is a major player in human cancers.

Moreover, it has been shown that higher expression of FoxM1 was

associated with poor prognosis in breast cancer and gastric cancer

patients [Bektas et al., 2008; Li et al., 2009]. These results suggest

that FoxM1 may have a critical role in the development and

progression of human cancers especially PCa. Therefore, it is

believed that inactivation of FoxM1 could represent a promising
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strategy for the development of novel and selective anti-cancer

therapies. It has been shown that Akt is Notch downstream gene

[Wang et al., 2010b] and Akt can control FoxM1 expression in

osteosarcoma [Major et al., 2004], and thus we sought to determine

whether FoxM1 expression could be controlled by Notch and Akt in

PCa cells in the present study. Although several chemical agents

such as gamma secretase inhibitors, siomycin A, and thiostrepton

have been shown to inhibit Notch and FoxM1 activity, respectively,

they also demonstrated unwanted toxicity in mice and human.

Therefore, we also investigated whether a non-toxic ‘‘natural agent’’

could be useful for the inhibition of Notch signaling which

consequently may also inactivate Akt and FoxM1 signaling, and

thus it could be beneficial for the prevention of tumor progression

and/or therapy for PCa.

Taxotere (Docetaxel) has shown clinical activity in a wide

spectrum of solid tumors including PCa [Chiuri et al., 2009].

Taxotere has been reported to inhibit cell growth and induce

apoptosis in PCa [Li et al., 2005a,b,c]. Clinical trials have shown that

the combination chemotherapy using taxotere with other agents

improves survival in PCa patients [Falci et al., 2009]. However, the

combination treatment contributes to a certain degree of dose-

related toxicity. Therefore, there is a dire need for the development

of therapeutic strategies to improve efficacy and reduce side effects

of taxotere-based treatment. Naturally occurring agents such as

genistein is a prominent isoflavone found in soybeans, has been

found to inhibit cell growth and induce apoptosis in vitro and in

vivo without toxicity [Banerjee et al., 2008]. Studies from our

laboratory have also found that genistein can inhibit NF-kB and Akt

activation in PCa cells, suggesting its anti-tumor activity against

PCa [Banerjee et al., 2005, 2007b; Li et al., 2005a]. It has been

reported that NF-kB is regulated by Notch signaling in human

cancer [Wang et al., 2006a, 2008; Osipo et al., 2008], which became

the basis for conducting the current study to test whether genistein

could inhibit the Notch signaling in PCa cells and how it is related to

other signaling pathways.

In the present study, we sought to gain molecular evidence in

support of the mechanistic consequence of Notch-1 down-

regulation in cell growth and apoptosis using human PCa cells.

Our results show that down-regulation of Notch-1 could be an

effective approach for inhibiting cell growth and inducing apoptotic

cell death, which was mechanistically associated with inactivation

of Akt and FoxM1. Moreover, we found that genistein could inhibit

cell growth and also could induce apoptotic cell death in PCa, which

appears to be in part mediated via inactivation of Notch-1/Akt/

FoxM1 signaling pathways. Together, we believe that inactivation

of Notch-1 by novel non-toxic agents could be a potential targeted

approach for the prevention of tumor progression and/or treatment

of human PCa, which we believe would be due to inactivation of

Notch-1 downstream genes such as Akt and FoxM1.
MATERIALS AND METHODS

CELL CULTURE AND EXPERIMENTAL REAGENTS

Human PCa cell lines including PC-3, DU145, LNCaP, and C4-2B

were grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA)
JOURNAL OF CELLULAR BIOCHEMISTRY
supplemented with 10% FBS. The cell lines have been tested and

authenticated through our Genomic Core Facility, Applied Geno-

mics Technology Center at Wayne State University. The method

used for testing was short tandem repeat (STR) profiling using the

PowerPlex1 16 System from Promega (Madison, WI). Experimental

reagents were described in Supplementary Methods.

PLASMIDS AND TRANSFECTION STUDIES

The Notch-1 ICN cDNA plasmid encoding the Notch-1 intracellular

domain was described as before [Weijzen et al., 2002]. PCa cells were

transfected with Notch-1 siRNA and siRNA control, respectively,

using Lipofectamine 2000.

REAL-TIME REVERSE TRANSCRIPTION-PCR ANALYSIS FOR GENE

EXPRESSION STUDIES

The total RNA from treated and untreated cells was isolated by Trizol

(Invitrogen) and purified by RNeasy Mini Kit and RNase-free DNase

Set (Qiagen, Valencia, CA) according to the manufacturer’s

protocols. The primers used in the PCR reaction and real-time

PCR amplifications were performed as described earlier [Wang et al.,

2006a, 2007].

WESTERN BLOT ANALYSIS

Cells were lysed in lysis buffer by incubating for 20min at 48C.
The protein concentration was determined using the Bio-Rad

protein assay system (Bio-Rad, Hercules, CA). Total proteins were

fractionated using SDS–PAGE and transferred onto a nitrocellulose

membrane for Western blotting as described before [Wang et al.,

2006a].

CLONOGENIC ASSAY

To test the survival of cells treated with genistein, PCa cells were

plated (50,000–100,000 per well) in a six-well plate and incubated

overnight at 378C. After 72 h exposure to various concentrations of

genistein, the cells were subjected to clonogenic assay as described

earlier [Wang et al., 2009]. The surviving fraction was normalized to

untreated control cells with respect to clonogenic efficiency.

HISTONE/DNA ELISA FOR DETECTION OF APOPTOSIS

The Cell Death Detection ELISA Kit was used for assessing apoptosis

according to the manufacturer’s protocol. Briefly, treated cells were

lysed and the cell lysates were overlaid and incubated in microtiter

plate modules coated with anti-histone antibody for detection of

apoptosis as described earlier [Wang et al., 2006b].

FLOW CYTOMETRY AND CELL-CYCLE ANALYSIS

The cells were synchronized in G0 by serum starvation for 24 h in

phenol red-free RPMI with 0.1% serum. Subsequently, cells were

released into complete media containing 10% FBS. The cell cycle

was analyzed by flow cytometry as described earlier [Wang et al.,

2006b].

CELL GROWTH INHIBITION STUDIES BY MTT ASSAY

The PCa cells (5� 103) were seeded in a 96-well culture plate and

subsequently treated with taxotere and incubated with MTT reagent
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(0.5mg/ml) at 378C for 2 h and MTT assay was performed as

described earlier [Wang et al., 2006b].

IMMUNOFLUORESCENCE MICROSCOPY

Cells were fixed with 4% paraformaldehyde for 10min, permea-

bilized in 0.5% Triton X-100 for 10min, and incubated in PBS and

10% goat serum blocking solution for 1 h. The cells were incubated

for 2 h with anti-FoxM1 in 5% goat serum and were stained, and

viewed as described earlier [Wang et al., 2010b].

MMP-9 AND VEGF ACTIVITY ASSAY

The cells were seeded in six-well plate and incubated at 378C. After
24 h, the complete medium was removed and the cells were washed

with serum-free medium. The cells were then incubated in serum-

free medium for 72 h. MMP-9 and VEGF activity in the medium was

detected as described before [Wang et al., 2010b].

CELL INVASION ASSAY

The invasive activity of the cells was tested using the BD BioCoat

Tumor Invasion Assay System (BD Biosciences, Bedford, MA) as

described earlier [Wang et al., 2006a].

ANIMAL EXPERIMENTS

The severe combined immunodeficiency (SCID)-human model of

experimental PCa was used for our study as described earlier

[Banerjee et al., 2007a]. Briefly, suspensions of PC-3 and C4-2B cells

were injected, respectively, by insertion of a 27-gauge needle

through the mouse (Taconic Farms) skin directly into the marrow

surface of the previously implanted bone. The mice were divided

into two groups of seven animals in each group. In the genistein

treatment groups, the mice were fed a genistein containing diet (1 g/

kg diet) beginning on the 30th day after intraosseous PC-3 cell

injection as described before [Li et al., 2006]. The C4-2B xenograft

mice were treated with 7.5mg genistein/100ml/mice by gavage

every day for 4 weeks beginning on the 30th day after intraosseous

C4-2B cell injection. All mice were sacrificed on the 28th day after

genistein treatment because big tumors were formed in control mice.

H&E staining confirmed the presence of tumor.

DENSITOMETRIC AND STATISTICAL ANALYSIS

The statistical significance of differential findings between experi-

mental groups and control was statistically evaluated using

GraphPad StatMate software (GraphPad Software, Inc., San Diego,

CA). P-values lower than 0.05 were considered statistically

significant.

RESULTS

NOTCH SIGNALING PATHWAY IN PROSTATE CANCER CELLS

First, the baseline expression of Notch signaling molecules was

determined using real-time RT-PCR and Western blotting analysis,

respectively, in a panel of human PCa cell lines that included PC-3,

DU145, LNCaP, and C4-2B. The results showed that the Notch

signaling pathway was frequently but differentially dysregulated in

different human PCa cell lines (Fig. 1). It is important to note that we

focused our studies on the cleaved Notch because it is the active
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functional form of Notch. Therefore, Notch in our all figure legends

means active cleaved Notch. We found that Notch-1 was highly

expressed in PC-3, LNCaP, and C4-2B. Previous studies have shown

that down-regulation of Notch-1 inhibited cell growth, induced

apoptosis, and decreased cell invasion of PCa cells [Zhang et al.,

2006; Wang et al., 2010b]. In an effort to confirm our results, and to

further investigate the precise molecular roles of Notch-1 in PCa

cells, we have used stable clones (name PC-3 ICN) of PC-3 cells

transfected with ICN plasmid. We found that the over-expression of

Notch-1 promoted cell growth, inhibited apoptosis, increased S-

phase fractions, and increased cell invasion, all of which were

associated with up-regulation of pAkt, NF-kB, and its target gene

VEGF and MMP-9 (Supplementary Figs. 1 and 2), which provided

direct molecular evidence in support of the role of Notch-1 in tumor

aggressiveness.

DOWN-REGULATION OF Akt INHIBITED FoxM1 EXPRESSION

Recently, high expression of FoxM1 was reported in PCa. Down-

regulation of FoxM1 by siRNA inhibited cell growth in PCa cell lines

[Kalin et al., 2006]. Moreover, FoxM1 has been shown to cross-talk

with the PI3K/Akt pathway [Major et al., 2004; Wang et al.,

2010a,b]. Therefore, we assessed whether FoxM1 is downstream of

Akt pathway or not, and for which we designed the experiments as

shown below. First, we detected the basal level of FoxM1 in PC-3,

DU145, LNCaP, and C4-2B cell lines using real-time RT-PCR and

Western blotting, respectively. We found that FoxM1 is highly

expressed in PC-3 and C4-2B, which is consistent with pAkt

expression (Fig. 2A). It has been shown that Akt can control FoxM1

expression in osteosarcoma [Major et al., 2004], and thus we sought

to determine whether FoxM1 expression could be controlled by Akt

in PCa cells. As expected, over-expression of pAkt by Akt cDNA

plasmid increased FoxM1 expression in PC-3 cells (Fig. 2B).

However, down-regulation of pAkt by siRNA inhibited FoxM1

expression in PC-3 cells (Fig. 2B). Moreover, we found that

LY294002 and Wortmanin, the PI3K inhibitors, eliminated the

expression of FoxM1 (Fig. 2C), suggesting that FoxM1 is regulated

by Akt pathway in PCa cells, and further suggesting that

inactivation of Notch-1 could inactivate Akt which, in turn, leads

to the inactivation of FoxM1. To further confirm our results in order

to document whether FoxM1 is a downstream target of Akt or not,

we examined cell growth, which was reduced in Akt knock-out

MEFs (Supplementary Fig. 3A). We also examined the expression of

FoxM1 in Akt WT, Akt-1KO, and Akt DKO MEF cell lines, and found

that FoxM1 was significantly decreased in Akt DKO cell lines, which

was consistent with decreased pAkt pathway (Supplementary Fig.

3B). Further experiments were done in PTEN KOMEF, which showed

high expression of pAkt and FoxM1 (Supplementary Fig. 3C),

suggesting that Akt regulates the expression of FoxM1.

DOWN-REGULATION OF NOTCH-1 EXPRESSION INHIBITED FoxM1

Next, we assessed whether Notch-1 could regulate the FoxM1

expression because Akt is one of the Notch-1 downstream target

genes, which appears to regulate FoxM1. Down-regulation of

Notch-1 by siRNA transfection and gamma secretase inhibitor (GSI,

L-685,458, DAPT) treatments showed lower expression of Notch-1

protein as confirmed by Western blotting (Fig. 3A,B). We also found
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Fig. 1. Notch signaling pathway in PCa cell lines. The baseline expression of Notch signaling pathway was determined in a panel of PCa cell lines using real-time RT-PCR (A,C)

and Western blotting analysis (B,D), respectively.
that the inhibition of Notch-1 significantly decreased pAkt and

FoxM1 expression in PC-3 and C4-2B cell lines (Fig. 3A,B).

Conversely, over-expression of Notch-1 by ICN transfection showed

increased expression of FoxM1 at the mRNA and protein levels

(Fig. 3B). Moreover, Notch-1 siRNA decreased pAkt and FoxM1 in

Akt WT cell lines (Supplementary Fig. 3C). Furthermore, immuno-

fluorescent staining showed higher levels of FoxM1 protein in PC-3

ICN cells (Fig. 3C), suggesting that FoxM1 is regulated by Notch-1,

which could be due to inactivation of Akt. Although these molecular

studies clearly suggest that Notch-1 inactivation could be an

important strategy for the prevention of tumor progression and/or

therapy, we sought to investigate whether we could find any

‘‘natural’’ non-toxic agent that could down-regulate Notch-1 and

consequently could inactivate Akt and FoxM1.

DOWN-REGULATION OF NOTCH-1 EXPRESSION BY GENISTEIN

Our previous studies have shown that genistein inhibited cell growth

and induced cell apoptotic death in PCa cells. However, genistein did

not inhibit the normal prostate cell growth [Banerjee et al., 2008].

In order to further understand the molecular mechanism involved

in genistein-induced apoptosis of PCa cells, alterations in the cell

survival pathway were investigated. Notch signaling is over-
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expressed in PCa and is involved in the inhibition of apoptosis and

potentiation of cell growth and thus considered as a putative target

for drug development. Therefore, we investigated whether genistein

could regulate Notch signaling pathway. Notch-1 mRNA and

protein expression in PCa cell lines treated with genistein for 72 h

were assessed. We found that Notch-1 was down-regulated by

genistein in all three cell lines (Fig. 4A). To confirm the downstream

effect on Notch down-regulation by genistein, we also assessed the

expression of Notch-1 target gene pAkt in PCa cells after genistein

treatment. We found that genistein inhibited the pAkt expression

(Fig. 4A). We also assessed the expression of FoxM1 in PCa cells

treated with genistein, and as expected, we found down-regulation

of FoxM1 in genistein-treated cells (Fig. 4A). To further confirm our

results, we also did immunofluorescent staining. Indeed, we observed

lower level of FoxM1 protein in genistein-treated cells (Fig. 4B).

DOWN-REGULATION OF NOTCH-1 EXPRESSION BY siRNA

POTENTIATES GENISTEIN-INDUCED CELL GROWTH INHIBITION

AND APOPTOSIS

In order to gain further molecular insight, we assessed whether

inactivation of Notch-1 by Notch-1-specific siRNA could lead to

potentiate the effects of genistein. We found that the down-
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Fig. 2. Down-regulation of Akt inhibited FoxM1. A: The baseline expression of FoxM1 was determined between a panel of PCa cell lines using real-time RT-PCR and Western

blotting analysis, respectively. B: Down-regulation of Akt by siRNA inhibited FoxM1 expression, whereas up-regulation of Akt by cDNA plasmid transfection resulted in

increased expression of FoxM1. Akt siRNA inhibited cell growth, while Akt cDNA transfection promoted cell growth. C: Inactivation of Akt by PI3K inhibitors (LY294002,

Wortmanin) inhibited the expression of pAkt, which was consistent with decreased expression of FoxM1 as assessed by Western blot analysis.
regulation of Notch-1 expression significantly inhibited cell growth

induced by genistein (Fig. 5). Genistein plus Notch-1 siRNA

inhibited cell growth to a greater degree compared to genistein

alone. Moreover, Notch-1 siRNA-transfected PC-3 cells were

significantly more sensitive to spontaneous and genistein-induced

apoptosis (Fig. 5A). However, over-expression of Notch-1 rescued

genistein-induced cell growth inhibition and abrogated genistein-

induced apoptosis to a certain degree (Fig. 5B). These results provide

molecular evidence suggesting that genistein induced cell growth

inhibition and apoptosis is in part mediated through Notch-1

signaling pathway in PCa cells.

GENISTEIN-MEDIATED EFFECTS ON PCa CELLS WERE ENHANCED

BY TAXOTERE IN INHIBITING CELL GROWTH AND CAUSING

INDUCTION OF APOPTOSIS

First, we found that taxotere inhibited cell growth and induced

apoptosis in PC-3, LNCaP, and C4-2B cells (Supplementary Fig. 4).

Second, we found that taxotere did not significantly inhibit the
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Notch-1 and pAkt expression (data not shown). However, taxotere

inhibited FoxM1 expression in all three PCa cells (Fig. 5C). Next, we

tested whether genistein could synergize with taxotere leading to

enhanced suppression of cell growth as assessed by MTT assay. As

can be seen from the results presented in Figure 5D, 30mM genistein

alone or 1 nM taxotere alone caused 40–50% cell growth inhibition,

whereas the combination of genistein and taxotere showed drastic

inhibition (about 80%) in cell growth, which was also found to be

synergistic in inducing apoptotic cell death (Fig. 5D).

GENISTEIN INHIBITED TUMOR GROWTH IN VIVO

To test whether genistein has similar effects in vivo, we conducted

an animal experiment using SCID-human model of experimental

bone metastasis of PCa. We found that genistein significantly

inhibited PC-3 and C4-2B tumor growth, demonstrating an

inhibitory effect of genistein in the in vivo model of PCa

(Fig. 6A). The body weight of mice in each group did not show

any significant difference, suggesting non-toxic nature of genistein.
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Fig. 3. Inhibition of FoxM1 expression by Notch-1 siRNA and GSI. A: The expression of FoxM1 was detected by Western blotting analysis (left panel) and real-time RT-PCR

(right panel) in PCa cells transfected with Notch-1 siRNA. B: The expression of FoxM1 was detected by Western blotting analysis in PCa cells treated with GSI for 72 h. C: The

expression of FoxM1 was detected by real-time RT-PCR (left panel) and Western blotting analysis (right panel) in PC-3 ICN cells. D: The PC-3 and PC-3 ICN cells were subjected

to immunofluorescent staining using anti-FoxM1 antibody. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
In order to further explore the molecular mechanism by which

genistein caused anti-tumor activity, we analyzed the gene

expression altered by genistein treatment, and we found that

genistein inhibited the expression of Notch-1, pAkt, and FoxM1 in

tumor remnants (Fig. 6B).

DISCUSSION

Notch signaling plays important roles in maintaining the balance

between cell proliferation, differentiation, and apoptosis [Kopan and

Ilagan, 2009]. The Notch gene is abnormally activated in many
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human malignancies [Miele, 2006; Rizzo et al., 2008]. It has been

reported that the Notch signaling is involved in PCa cell survival and

that Notch signaling pathway components and Notch target genes

are up-regulated in PCa [Villaronga et al., 2008; Bin et al., 2009].

Moreover, Notch-1 expression in human PCa tissues increased with

increasing tumor grade [Bin et al., 2009]. In our previous studies, we

have shown that down-regulation of Notch-1 inhibits cell growth

and induced apoptosis in PCa cells [Wang et al., 2010b]. Therefore,

the inhibition of Notch signaling is likely to have beneficial effects

toward designing strategies for the prevention of tumor progression

and/or therapy for PCa.
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Fig. 4. Inhibition of Notch, Akt, and FoxM1 expression by genistein. A: PCa cells were treated with varied concentrations of genistein for 72 h. Left panel: The expression

of Notch, pAkt, and FoxM1 protein was detected by Western blotting analysis. Middle and right panel: Notch-1 mRNA and FoxM1 mRNA were detected by real-time RT-PCR.

B: Immunofluorescent staining showing lower levels of FoxM1 protein in the cytoplasm and nucleus in the genistein-treated PC-3 cells. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
Although several studies have shown the functional significance

of Notch signaling, the role of Notch pathway in prostate

carcinogenesis remains poorly understood. Therefore, in the present

study, we investigated the mechanisms of Notch-1 in cell

proliferation in PCa cells. Recently, Notch has been shown to

regulate the Akt pathway. It has been reported that Notch-1

activation enhanced melanoma cell survival via activation of the

Akt pathway [Liu et al., 2006]. Palomero et al. [2008] found that
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Notch-1 up-regulated the PI3K–Akt pathway, which negatively

controls the expression of phosphatase and tensin homolog on

chromosome 10 (PTEN) in T-ALL. In the current study, we found that

down-regulation of Notch-1 by siRNA or GSI decreased Akt

phosphorylation in PCa cells. Recently, Akt pathway has been

shown to cross-talk with the FoxM1 pathway [Major et al., 2004;

Park et al., 2009] and FoxM1 has been shown to be over-expressed

in many human cancers including PCa [Wang et al., 2010a]. Given
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Fig. 5. Down-regulation of Notch-1 by siRNA promotes genistein-induced cell growth inhibition and apoptosis in PC-3 cells. Genistein: 30mMgenistein; NS: Notch-1 siRNA;

ICN: ICN cDNA; genisteinþ siRNA: 30mM genisteinþNotch-1 siRNA; genisteinþ ICN: 30mM genisteinþ ICN cDNA. A: Left panel: Down-regulation of Notch-1 by siRNA

significantly inhibited PC-3 cell growth. Genistein plus Notch-1 siRNA inhibited cell growth to a greater degree compared to genistein alone. Right panel: Down-regulation of

Notch-1 expression significantly increased apoptosis induced by genistein. Notch-1 siRNA-transfected cells were significantly more sensitive to spontaneous and genistein-

induced apoptosis. B: Over-expression of Notch-1 expression significantly promoted cell growth. Over-expression of Notch-1 rescued cells from genistein-induced cell growth

inhibition. Over-expression of Notch-1 by Notch-1 cDNA transfection abrogated genistein-induced apoptosis to a certain degree. C: The expression of FoxM1 was detected by

Western blotting analysis in PCa cells treated with different concentrations of taxotere for 72 h. D: Left panel: Genistein synergize with taxotere leading to enhanced

suppression of cell growth as assessed by MTT assay. Right panel: Genistein combined with taxotere led to synergistic induction of apoptotic cell death.
the emerging data describing the important role of FoxM1 in the

progression of human cancers, Radhakrishnan et al. [2006] have

rightly pointed out that it should be possible to target multiple facets

of tumorigenesis by inhibiting only this single transcription factor.

In our study, we investigated whether Akt could regulate FoxM1
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expression in PCa cells. Indeed, we found that down-regulation of

Akt by siRNA inhibited FoxM1 expression, whereas over-expression

of Akt increased FoxM1 expression. Moreover, inactivation of

Akt by LY294002 and Wortmanin decreased FoxM1 expression.

Furthermore, we found that down-regulation of Notch-1 by siRNA
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Fig. 6. Genistein inhibited tumor growth in animal model. A: Inhibitory effects of genistein on the growth of tumors formed by PC-3 or C4-2B cells in SCID-human mice

(control, n¼ 7; genistein, n¼ 7). Comparison of the tumor volumes in each group on the day when all mice were sacrificed (�P< 0.05, genistein vs. control). B: Genistein

inhibited the expression of Notch-1, pAkt, and FoxM1 in tumor remnants as assessed byWestern blot analysis. C: The schematic presentation of our proposed mechanism of how

genistein inhibits cell growth and induces apoptosis.
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or GSI decreased FoxM1 expression. We also found that FoxM1 was

decreased significantly in Akt DKO cell lines, which was consistent

with decreased pAkt pathway. These results suggest that Notch-1

could mediate FoxM1 signaling through Akt.

In the present study, we also found that a ‘‘natural agent’’

discovered from soybean such as genistein could inhibit Notch-1

activity in PCa cells, suggesting that this could be one mechanism by

which genistein inhibits cell growth and induces apoptosis.

Moreover, down-regulation of Notch-1 by siRNA together with

genistein treatment inhibited cell growth and induced apoptosis to a

greater degree in PC-3 cells compared to genistein treatment alone,

which suggest that inactivation of Notch-1 could be mechanistically

linked with the biological effects of genistein. Moreover, we have

shown, for the first time, that genistein could inhibit the expression

of FoxM1 in vitro and in vivo in PCa. The similar results were also

found in pancreatic cancer cells and its orthotopic animal model in

vivo (data not shown), and the anti-tumor activity of genistein was

correlated with decreased expression of Notch-1, pAkt, and FoxM1

in tumor remnants (data not shown), which was consistent with in

vivo findings in PCa. Therefore, genistein-mediated cell growth

inhibition could be partly mediated via inactivation of FoxM1

activity. In view of these findings, we strongly believe that

inactivation of FoxM1 by genistein appears to be mechanistically

linked with genistein-induced cell growth inhibition and apoptosis

in PCa cells. It has been found that taxotere down-regulated some

genes for cell proliferation, transcription factors, and oncogenesis,

and up-regulated some genes related to induction of apoptosis and

cell-cycle arrest in PCa cells. Here, we found that taxotere alone

could down-regulate FoxM1 and the combination of taxotere with

genistein showed greater down-regulation in the expression of

FoxM1, which appears to be consistent with the inhibition of cell

growth and induction of apoptosis in PCa, further suggesting that

the combination of taxotere with genistein could be an useful

therapeutic strategy for the treatment of metastatic PCa.

In summary, we presented experimental evidence which strongly

suggest that the role of Notch-1 down-regulation could be a

potential anti-tumor and anti-metastatic approach toward the

treatment of PCa. Moreover, our current data provided mechanistic

information showing that genistein exerts its pro-apoptotic effects

on PCa cells, which is in part due to inactivation of Notch-1, Akt,

and FoxM1 signaling (Fig. 6C). On the basis of our results, we

propose a hypothetical pathway by which genistein inhibits cell

growth of PCa cells although further in-depth studies are needed to

ascertain how genistein regulates these pathways. However, we

believe that Notch-1, Akt, and FoxM1 are intimate partners of the

same crime of tumor aggressiveness, and thus targeted inactivation

of these pathways by genistein together with taxotere may prove to

be a novel therapeutic approach for the treatment of PCa in the

future.
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ABSTRACT
Notch signaling is involved in a variety of cellular processes, such as cell fate specification, differentiation, proliferation, and survival. Notch-

1 over-expression has been reported in prostate cancer metastases. Likewise, Notch ligand Jagged-1 was found to be over-expressed in

metastatic prostate cancer compared to localized prostate cancer or benign prostatic tissues, suggesting the biological significance of Notch

signaling in prostate cancer progression. However, the mechanistic role of Notch signaling and the consequence of its down-regulation in

prostate cancer have not been fully elucidated. Using multiple cellular and molecular approaches such as MTT assay, apoptosis assay, gene

transfection, real-time RT-PCR, Western blotting, migration, invasion assay and ELISA, we found that down-regulation of Notch-1 or Jagged-

1 was mechanistically associated with inhibition of cell growth, migration, invasion and induction of apoptosis in prostate cancer cells, which

was mediated via inactivation of Akt, mTOR, and NF-kB signaling. Consistent with these results, we found that the down-regulation of Notch-

1 or Jagged-1 led to decreased expression and the activity of NF-kB downstream genes such as MMP-9, VEGF, and uPA, contributing to the

inhibition of cell migration and invasion. Taken together, we conclude that the down-regulation of Notch-1 or Jagged-1 mediated inhibition

of cell growth, migration and invasion, and the induction of apoptosis was in part due to inactivation of Akt, mTOR, and NF-kB signaling

pathways. Our results further suggest that inactivation of Notch signaling pathways by innovative strategies could be a potential targeted

approach for the treatment of metastatic prostate cancer. J. Cell. Biochem. 109: 726–736, 2010. � 2010 Wiley-Liss, Inc.
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P rostate cancer has become a significant health problem

because it is one of the most frequently diagnosed tumors in

men and the second leading cause of cancer-related death in the

United States (Jemal et al., 2009). Despite an initial efficacy of

androgen-deprivation therapy, most patients with prostate cancer

progress from androgen-dependent status to hormone-refractory

prostate cancer also known as castrate resistant cancer for which

there is no curative therapy. Therefore, development of novel

strategies for the treatment of prostate cancer is highly desirable for

improving the survival outcome of this deadly disease.
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Among many molecular targets, Notch signaling is very

attractive because it is involved in a variety of cellular processes,

such as cell fate specification, differentiation, proliferation, and

survival. Four Notch receptors (Notch 1–Notch 4) and five ligands

(Jagged-1, Jagged-2, Delta-1, Delta-3, and Delta-4) have been

described in mammals (Wang et al., 2008). Binding of ligand to its

receptor induces metalloproteinase-mediated and gamma secretase-

mediated cleavage of the Notch receptor. The Notch intracellular

domain (ICN) is released from the plasma membrane and

translocates into the nucleus, where it forms a complex with the
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members of the CSL transcription factor family. This complex

mediates the transcription of target genes such as Hes-1 (hairy

enhancer of split), cyclin D, Hey-1, and others (Miele, 2006; Miele

et al., 2006). Because Notch signaling plays important roles in the

cellular developmental pathway including proliferation and

apoptosis, activation of Notch signaling pathways are associated

with tumorigenesis. It has been reported that the Notch signaling

network is frequently deregulated in human malignancies with up-

regulated expression of Notch receptors and their ligands were

found in cervical, lung, colon, head and neck, renal carcinoma,

acute myeloid, Hodgkin and Large-cell lymphomas and pancreatic

cancer (Miele and Osborne, 1999; Miele, 2006; Miele et al., 2006;

Rizzo et al., 2008; Villaronga et al., 2008; Kopan and Ilagan, 2009).

Moreover, emerging evidence suggest that Notch signaling

pathways also play important role in prostate development and

progression, especially because Notch signaling pathway was

found to be over-expressed in prostate cancer cell lines (Shou

et al., 2001; Zhang et al., 2006; Leong and Gao, 2008; Bin et al.,

2009). In addition, Notch-1 over-expression has been reported

in prostate cancer metastases. Specifically, bone metastases from

prostate cancer patients expressed Notch-1 protein in osteoblastic

prostate cancer metastatic cells (Zayzafoon et al., 2004). Likewise

Notch ligand Jagged-1 was found to be highly expressed in

metastatic prostate cancer compared to localized prostate cancer or

benign prostate tissues, and high Jagged-1 expression in a subset of

clinically localized tumors was found to be significantly associated

with tumor recurrence (Santagata et al., 2004). Recently, Hafeez

et al. reported that silencing of Notch-1 inhibited invasion of

prostate cancer cells by inhibiting the expression of MMP-9 and uPA

(Bin et al., 2009). However, it is not clear whether Jagged-1 plays a

role in prostate cancer progression. Moreover, the precise molecular

mechanism by which activation of Notch signaling pathway leads to

prostate cancer cell growth and invasion, and the mechanistic

consequence of the down-regulation of Notch signaling in prostate

cancer has not been fully understood.

In the present study, we sought to gain molecular evidence in

support of the mechanistic consequence of Notch-1 and Jagged-1

down-regulation in cell growth, migration, invasion and apoptosis

using human prostate cancer cells. Our results show that down-

regulation of Notch-1 and Jagged-1 could be an effective approach

for inhibiting cell growth, migration and invasion, and inducing

apoptotic cell death, which was associated with inactivation of Akt,

mTOR (mammalian Target of Rapamycin) and NF-kB, and the

expression and activity of NF-kB target genes such as, MMP-9, uPA.

Our results suggest that inactivation of Notch signaling pathways by

innovative strategies could be a potential targeted approach for the

treatment of metastatic prostate cancer.

MATERIALS AND METHODS

CELL CULTURE AND EXPERIMENTAL REAGENTS

Human PC cell lines, including PC-3, DU145, LNCaP, and C4-2B

cells were grown in RPMI 1640 medium (Invitrogen, Carlsbad, CA)

supplemented with 10% fetal bovine serum (FBS), 100mg/ml

streptomycin, 100 units/ml penicillin, and 2.5 mM glutamine in a

humidified incubator with 5% CO2 and 95% air at 378C. Primary
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mouse embryo fibroblasts (MEFs) were harvested from E13.5

embryos as described previously (Skeen et al., 2006). Akt WT,

Akt1�/� (Akt1 KO), Akt1/2�/� (Akt DKO) MEF were cultured in

DMEM with 10% FBS. Primary antibodies for full-length Notch-1

(H-130), cleaved Notch-1 (C-20), Jagged-1, uPA, uPAR, VEGF, and

MMP-9 were purchased from Santa Cruz Biotechnology (Santa Cruz,

CA). Antibody against mTOR, phospho-mTOR (Ser2448), p70S6K,

phospho-p70S6K (Thr389), 4E-BP1 (eukaryotic translation initiation

factor 4E–binding protein 1), phospho-4E-BP1 (Thr37/Thr46), Akt,

and phospho-Akt (Ser473) were purchased from Cell Signaling

Technology. All secondary antibodies were obtained from Pierce

(Rockford, IL). The monoclonal antibody to b-actin, Gamma

secretase inhibitor and PI3K inhibitor, LY294002, were purchased

from Sigma–Aldrich. Gamma secretase inhibitor L-685,458 and

DAPT were obtained from Calbiochem (San Diego, CA). Lipofecta-

mine 2000 was purchased from Invitrogen. Chemiluminescence

detection of proteins was done with the use of a kit from Amersham

Biosciences (Amersham Pharmacia Biotech, Piscataway, NJ).

Protease inhibitor cocktail, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide (MTT), and all other chemicals were

obtained from Sigma (St. Louis, MO).

PLASMIDS AND TRANSFECTION PROCEDURES

Notch-1, Jagged-1 and control siRNA were obtained from Santa

Cruz Biotechnology. PC-3 cells were transfected with Notch-1

siRNA, Jagged-1 siRNA and siRNA control, respectively, using

Lipofectamine 2000 as described earlier (Wang et al., 2006a). The

Notch-1 cDNA plasmid encoding the Notch-1 intracellular domain

(NICD) was a kind gift of L. Miele {Department of Medicine and

Pharmacology, University of Mississippi Cancer Institute, Jackson,

MS). PC-3 cells were transfected with human Notch-1 ICN, Akt, p65

or vector alone (pcDNA3), respectively.

LUCIFERASE REPORTER ASSAY

The Notch-1 siRNA and Jagged-1 siRNA transfected PC-3 cells were

transiently transfected with CBF-1 luciferase constructs. The Notch-

CBF-1 reporter, 4� wild-type CBF-1 Luc, which contains four

tandem repeats of the consensus CBF-1 DNA binding sequence,

GTGGGAA and N-terminally tagged FLAG CBF-1, was generous

gifts from Dr. Diane Hayward (Johns Hopkins University School of

Medicine, USA). Wild-type (4� WT CBF1 luc) CBF-1 luciferase

reporter plasmid was co-transfected with b-galactosidase using

Lipofectamine (Invitrogen). CMV-b-gal reporter construct transfec-

tion was used for normalization of transfection efficiency.

Luciferase and b-galactosidase assay (Promega) were done in

accordance with the manufacturer’s instructions. Luciferase activity

was expressed relative to b-galactosidase activity.

CELL GROWTH INHIBITION STUDIES BY 3-(4,5-DIMETHYLTHIAZOL-

2-YL)-2,5-DIPHENYLTETRAZOLIUM BROMIDE (MTT) ASSAY

The transfected prostate cancer cells (5� 103) were seeded in a 96-

well culture plate and subsequently incubated with MTT reagent

(0.5 mg/ml) at 378C for 2 h and MTT assay was performed as

described earlier (Wang et al., 2006b). In addition to the above assay,

we have also done clonogenic assay for assessing the effects of

treatment as shown below.
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CLONOGENIC ASSAY

To test the survival of transfected cells, siRNA transfected PC-3 cells

were trypsinized, and the viable cells were counted (trypan blue

exclusion) and plated in 100 mm Petri dishes in a range of 100–

1,000 cells to determine the plating efficiency as well as for

assessing the effects of transfection on clonogenic survival. The

cells were then incubated for 10–12 days at 378C in a 5% CO2/5%

O2/90% N2 incubator. The colonies were stained with 2% crystal

violet and counted. The surviving fraction was normalized to

untreated control cells with respect to clonogenic efficiency.

HISTONE/DNA ELISA FOR DETECTION OF APOPTOSIS

The Cell Death Detection ELISA Kit was used for assessing apoptosis

according to the manufacturer’s protocol. Briefly, transfected cells

were lysed and the cell lysates were overlaid and incubated in

microtiter plate modules coated with anti-histone antibody for

detection of apoptosis as described earlier (Wang et al., 2006b).

REAL-TIME REVERSE TRANSCRIPTION-PCR ANALYSIS FOR GENE

EXPRESSION STUDIES

The total RNA from transfected cells was isolated by Trizol

(Invitrogen) according to the manufacturer’s protocols. One

microgram of total RNA from each sample was subjected to first

strand cDNA synthesis using TaqMan reverse transcription reagents

kit (Applied Biosystems, Foster City, CA). RT reaction was performed

at 258C for 10 min, followed by 488C for 30 min and 958C for 5 min.

The primers used in the PCR reaction for Notch-1, Jagged-1, MMP-9,

VEGF, uPA, and b-actin were described before (Wang et al., 2006a,

2007). Real-time PCR amplications were performed as described

earlier (Wang et al., 2006b).

PREPARATION OF NUCLEAR LYSATES

Cells were lysed in lysis buffer (0.08 M KCl, 35 mM HEPES, pH 7.4,

5 mM potassium phosphate, pH 7.4, 5 mM MgCl2, 25 mM CaCl2,

0.15 M sucrose, 2 mM phenylmethylsulfonyl fluoride, 8 mM dithio-

threitol) and frozen at �808C overnight. The cell suspension was

thawed and passed through a 28-gauge needle three times. A small

aliquot of the cells were checked for cell membrane breakage using

trypan blue. Then the cell suspension was centrifuged, and the pellet

was suspended in lysis buffer, and the nuclei were lysed by

sonication. After centrifugation, supernatant was saved as nuclear

lysate.

WESTERN BLOT ANALYSIS

Whole cell lysate of the cells was prepared by sonicating the cells

lysed in 62 mM Tris–HCl and 2% SDS. In another set of experiments,

cytoplasmic and nuclear proteins were also extracted. The protein

concentration was measured by the BCA protein assay (Pierce). Total

proteins were fractionated using SDS–PAGE and transferred onto a

nitrocellulose membrane for Western blotting as described before

(Wang et al., 2006a).

IMMUNOFLUORESCENCE STAINING

The transfected cells were plated on cover slips in each well of an 8-

well chamber for 48 h. Cells were then fixed with paraformaldehyde

for 15 min, rinsed with PBS, and incubated with 5% goat serum for
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30 min. The cells were then incubated with anti-Notch-1, anti-

Jagged-1, and anti-pAkt antibody for 2 h, respectively. After

washing with PBS, the cells were incubated with FITC-conjugated

secondary antibody for 45 min and washed with PBS. Cell images

were observed under a fluorescent microscope.

ELECTROPHORETIC MOBILITY SHIFT ASSAY (EMSA)

Nuclear extracts were prepared from treated samples and electro-

phoretic mobility shift assay was done by incubating 10mg nuclear

extract with IRDye-700-labeled NF-kB oligonucleotide as described

earlier (Wang et al., 2006a). The DNA-protein complex formed was

visualized by Odyssey Infrared Imaging System using Odyssey

Software Release 1.1.

UROKINASE PLASMINOGEN ACTIVATOR (uPA) ACTIVITY ASSAY

The culture medium of the transfected cells grown in 6-well plates

was collected. After collection, the medium was spun at 800g for

3 min at 48C to remove cell debris. The supernatant was either frozen

at �208C for uPA assay later or assayed immediately using

commercially available ELISA kits (American Diagnostica, Inc.,

Stamford, CT).

MMP-9 ACTIVITY ASSAY

The transfected cells were seeded in 6 well plates and incubated at

378C. After 24 h, the complete medium was removed and the cells

were washed with serum-free medium. The cells were then incubated

in serum-free medium for 48 h. MMP-9 activity in the medium and

cell lysate was detected by using Fluorokine E Human MMP-9

Activity Assay Kit (R&D Systems, Inc., Minneapolis, MN) according

to the manufacturer’s protocol.

VEGF ASSAY

The transfected cells were seeded in 6-well plates (1.0� 105 cells per

well) and incubated at 378C. After 24 h, the cell culture supernatant

was harvested and cell count was performed after trypsinization.

After collection, the medium was spun at 800g for 3 min at 48C to

remove cell debris. The supernatant was either frozen at �208C for

later VEGF assay or assayed immediately using commercially

available ELISA kits (R&D Systems, Inc., Minneapolis, MN).

CELL MIGRATION AND INVASION ASSAY

Cell migration was assessed using 24-well inserts (BD Biosciences,

Bedford, MA) with 8mm pores according to the manufacturer’s

protocol. The invasive activity of the siRNA transfected cells was

tested using the BD BioCoat Tumor Invasion Assay System (BD

Biosciences) as described before. Briefly, transfected PC-3 cells

(5� 104) with serum free medium were seeded into the upper

chamber of the system. Bottom wells in the system were filled with

complete medium. After 24 h of incubation, the cells in the upper

chamber were removed, and the cells, which invaded through

matrigel matrix membrane, were stained with 4mg/ml Calcein AM

in Hanks buffered saline at 378C for 1 h. Then, fluorescence of the

invaded cells was read in ULTRA Multifunctional Microplate Reader

(TECAN) at excitation/emission wavelengths of 530/590 nm. These

fluorescently labeled invasive cells were also photographed under a

fluorescent microscope.
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DENSITOMETRIC AND STATISTICAL ANALYSIS

The statistical significance of differential findings between experi-

mental groups and control was determined by Student’s t-test.

P values <0.05 were considered statistically significant.
Fig. 1. Effects of down-regulation of Notch-1 expression on PC-3 prostate

cancer cell growth. CS: Control siRNA; NS: Notch-1 siRNA; JS: Jagged-1

siRNA. �P< 0.05, ��P< 0.01 relative to control. A: Left, Real-time RT-PCR was

done to detect the Notch-1 and Jagged-1 mRNA level. We found that Notch-1

and Jagged-1 mRNA levels were down-regulated by Notch-1 and Jagged-1

siRNA, respectively. The results are presented as the mean of three independent

experiments with error bars representing standard deviation (SD). Right,

Notch-1, Jagged-1, Hes-1 and Hey-1 protein levels in Notch-1 and

Jagged-1 siRNA transfected PC-3 cells were determined using Western Blot

analysis. We found that these proteins were down-regulated upon Nocth-1
RESULTS

NOTCH SIGNALING PATHWAY IN PROSTATE CANCER CELLS

The baseline expression of the Notch signaling was determined in a

panel of human prostate cancer cell lines that included PC-3, DU145,

LNCaP, and C4-2B. The assays also included the expression of Notch

activated downstream signaling proteins (phosphorylated Akt and

mTOR). The results showed that the Notch signaling pathway was

frequently but differentially dysregulated among different human

prostate cancer cell lines. Specifically, the expression of Jagged-1

was highest in PC-3 cell line (Supplemental Fig. 1A,B). The higher

expression of Notch-1 (full size and cleaved size) was found in

LNCaP and C4-2B cell lines (Supplemental Fig. 1A,B). It is important

to note that we focused our studies on the cleaved Notch-1 because it

is the active functional form of Notch. Therefore, Notch-1 in our all

figure legends means active cleaved Notch-1, except Supplementary

Figure 1B, which has been labeled appropriately. We also found that

high expression of pAkt and its downstream signaling mTOR

pathway in LNCaP and C4-2B cells, suggesting that Notch signaling

seems to regulate the Akt and mTOR pathways.

In the present study, we choose the PC-3 cell line to detect

whether Notch can regulate Akt and mTOR pathway especially

because PC-3 cells showed higher expression of Jagged-1 and

moderate levels of Notch-1. In addition, the efficacy of Notch-1

siRNA for knockdown of Notch-1 was better in PC-3 cells compared

to LNCaP and C4-2B cells, which was in part due to higher levels of

Notch-1 expression and the siRNA approach was not adequate.

Moreover, LNCaP and C4-2B are androgen receptor (AR) expressing

cell lines and since androgen can regulate the Notch expression

especially Notch-2 and Jagged-1 were found to be up-regulated in

LNCaP cells after androgen exposure (Martin et al., 2004) and we

also found that the expression of Notch-1 and its target genes (Hey-1

and Bcl-2) was up-regulated in PC-3 AR stable transfected cells

(Supplemental Fig. 1D). Furthermore, in DU-145 the expression

of pAkt and mTOR signaling was barely detectable and, thus, this

cell line was not useful for our purposes for investigation of the

cross-talk between Notch and Akt. All these results prompted use to

use PC-3 cells for the current study; however, further in-depth

studies would be needed to ascertain the precise molecular

regulation of Notch and AR and their cross-talks in the future for

elucidating the role of Notch in cell growth, invasion and

angiogenesis of AR expression cell lines, which is being planned

for our future studies.
and Jagged-1 siRNA transfection, respectively. B: Inhibition of cancer cell

growth by Notch-1 siRNA and Jagged-1 siRNA tested by MTT assay. The results

were plotted as means� SD of three separate experiments having six deter-

minations per experiment for each experimental condition. C: L-685,458 and

DAPT were g-secretase inhibitors, which prevent the cleavage of the Notch

receptor, blocking Notch signal transduction. Left, Western blotting assay

showing that GSI inhibited the Notch-1 expression. Right, Inhibition of cancer

cell growth by GSI for 72 h as assessed by MTT assay.
DOWN-REGULATION OF NOTCH-1 AND JAGGED-1 EXPRESSION BY

siRNA INHIBITED CELL GROWTH AND INDUCED APOPTOSIS

We have previously reported that Notch-1 and Jagged-1 are highly

expressed in PC-3 prostate cancer cell line (Zhang et al., 2006). To

determine whether Notch signaling pathway could be an effective

therapeutic target for prostate cancer, the biological effect of down-
JOURNAL OF CELLULAR BIOCHEMISTRY
regulation of Notch signaling pathway using Notch-1 and Jagged-1

siRNAs was examined by assessing cell growth of the prostate

cancer cells. The effect of siRNA for knocking down Notch-1 and

Jagged-1 at mRNA and protein levels was confirmed by real-time

RT-PCR and Western blotting. We found that both Notch-1 and

Jagged-1 at mRNA level and protein levels were barely detectable in

Notch-1 siRNA and Jagged-1 siRNA transfected cells, respectively,

compared to siRNA control transfected cells (Fig. 1A). We also found

that the expression of Notch-1 downstream gene Hes-1 and Hey-1

was down-regulated by Notch-1 siRNA or Jagged-1 siRNA (Fig. 1A).

Although Notch-1 siRNA and Jagged-1 siRNA transfection resulted

in a decrease in the cleaved form of Notch-1 by Western blotting, we
DOWN-REGULATION OF JAGGED-1 INHIBITS CELL INVASION 729



wanted to determine if this protein was functional. Thus, we carried

out a standard CBF-1 binding luciferase reporter assay. NICD binds

with CBF-1 and other proteins to form a DNA binding complex. This

complex activates the transcription of target genes. As expected, we

found that Notch-1 siRNA and Jagged-1 siRNA transfected PC-3

cells co-transfected with the luciferase construct resulted in a

significantly decrease in relative luciferase activity, respectively,

indicating that the decrease in CBF-1 binding was due to the

inhibition of NICD (Supplementary Fig. 2A). The cell viability was

further determined by MTT assay as shown by Figure 1B. We found

that down-regulation of Notch-1 or Jagged-1 expression by siRNAs

caused cell growth inhibition of PC-3 prostate cancer cell line. In

order to further confirm the role of Notch on cell growth, the PC-3

cells were treated with gamma secretase inhibitors (GSI). We found

that GSI inhibited the Notch-1 expression and consequently GSI had

a strong effect in inhibiting the growth of PC-3 cell line (Fig. 1C). In

addition, we have also tested the effects of down-regulation of

Notch-1 or Jagged-1 on cell viability by clonogenic assay as shown

below.

INHIBITION OF CELL GROWTH/SURVIVAL BY CLONOGENIC ASSAY

To determine the effect of Notch signaling on cell growth, cells were

transfected with Notch-1 siRNA or Jagged-1 siRNA and assessed for

cell viability by clonogenic assay. Both Notch-1 siRNA and Jagged-

1 siRNA transfection resulted in a significant inhibition of colony

formation of PC-3 cells when compared to control (Fig. 2A). Overall,

the results from clonogenic assay was consistent with the MTT data
Fig. 2. Effect of Notch-1 siRNA or Jagged-1 siRNA on PC-3 prostate cancer cell death

human PC-3 prostate cancer cell line. Notch-1 siRNA or Jagged-1 siRNA transfected PC-

colony formation in siRNA transfected cells compared to control. P values represent com

Apoptosis was measured by Histone DNA ELISA in PC-3 cells transfected with Notch-1 s

are reported as mean� SD. �P< 0.05, compared to the control. We found that down-
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as shown in Figure 1B, suggesting that down-regulation of Notch-1

and Jagged-1 inhibited cell growth of PC-3 prostate cancer cells.

Next, we examined whether the inhibition of cell growth was also

accompanied by the induction of apoptosis in Notch-1 siRNA or

Jagged-1 siRNA transfected cells.

DOWN-REGULATION OF NOTCH-1 AND JAGGED-1 EXPRESSION BY

siRNA INDUCED APOPTOSIS

We investigated whether the overall growth inhibitory effects of

Notch-1 siRNA or Jagged-1 siRNA are in part due to induction of

apoptosis, which was examined by using an ELISA-based assay.

These results provided convincing data that down-regulation of

Notch-1 or Jegged-1 by siRNAs induced apoptosis in PC-3 prostate

cancer cell line (Fig. 2B). These data suggest that the overall growth

inhibitory activity of Notch-1 or Jagged-1 down-regulation was in

part contributed by increased cell death.

DOWN-REGULATION OF NOTCH-1 INHIBITED AKT AND mTOR

PATHWAY IN PC-3 CELLS

The cross-talk between Notch and Akt pathway has been previously

reported in human cancer cell lines (Gutierrez and Look, 2007;

Palomero et al., 2007; Bedogni et al., 2008). Therefore, we

investigated whether Notch inactivation would reduce Akt function

in PC-3 prostate cancer cell lines. We found that down-regulation of

Notch-1 by siRNA or GSI led to decreased Akt phosphorylation

and its downstream genes phosphorylation, such as mTOR, 4EBP-1,

and S6K (Fig. 3A). To further confirm our results, we also did
. CS: control siRNA; NS: Notch-1 siRNA; JS: Jagged-1 siRNA. A: Left, cell survival of

3 cells were evaluated by the clonogenic assay. Right, photomicrographic difference in

parisons between cells transfected with siRNA and control using the paired t-test. B:

iRNA or Jagged-1 siRNA for different periods of time as indicated in the figure. Values

regulation of Notch-1 and Jagged-1 induced the apoptosis.

JOURNAL OF CELLULAR BIOCHEMISTRY



Fig. 3. Down-regulation of Notch-1 inhibited Akt and mTOR pathway in PC-3 cells. CS: control siRNA; NS: Notch-1 siRNA; JS: Jagged-1 siRNA. A: Down-regulation of

Notch-1 by siRNA or GSI inhibited the activity of Akt and mTOR pathways as assessed by Western blot analysis. B: Inactivation of Akt by PI3K inhibitors (20mM LY294002,

20mM Wortmanin) inhibited the expression of Notch-1 and phospho-mTOR as assessed by Western blot analysis. C,D: Immunofluorescent staining showing lower levels of

Notch-1 protein in the nucleus and pAkt in the cytoplasm and nucleus in the Notch-1 siRNA-transfected PC-3 cells. LY294002 eliminated Notch-1 expression and mTOR

phosphorylation. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
immunofluorescent staining. Indeed, we observed lower level of

Notch-1 protein in the nucleus and pAkt in the cytoplasm and

nucleus in the Notch-1 siRNA-transfected PC-3 cells (Fig. 3C,D). In

contrast, up-regulation of Notch-1 by NICD transfection increased

Akt phosphorylation and mTOR pathway (Supplementary Fig. 2B). It

has been shown that Akt can control Notch-1 expression in

melanoma (Bedogni et al., 2008), and thus we sought to determine

whether Notch-1 expression could be controlled by Akt in PC-3

cells. We found that LY294002 and Wortmanin, the PI3K inhibitors,

eliminated the expression of Notch-1, the phosphorylation of mTOR,

S6K and 4EBP-1 (Fig. 3B), suggesting the existence of an interesting

reciprocal regulation of Notch-1 and Akt pathways in prostate

cancer cells. Moreover, we found that the expression of pAkt and its

down-stream gene mTOR pathway was increased in Akt transfected

PC-3 cells. Furthermore, inhibition of pAkt and mTOR pathway by

Notch-1 siRNA was abrogated by Akt transfection (Supplementary

Fig. 2C). Notch-1 could induce Akt signaling, but Notch-1 is also

downstream of Akt and our results are consistent with previous

findings in T-ALL cell lines and melanomas (Bedogni et al., 2008;

Calzavara et al., 2008).
JOURNAL OF CELLULAR BIOCHEMISTRY
NOTCH-1 WAS DECREASED IN AKT KNOCK-OUT MEF CELL LINES

To further confirm our results showing that Notch-1 is a downstream

effector of Akt, we examined the expression of Notch-1 in Akt WT,

Akt-1KO, and Akt DKO MEF cell lines. We found that Notch-1 and

Jagged-1 were decreased significantly in Akt DKO cell lines, which

showed decreased pAkt and mTOR pathway (Fig. 4A,B). Moreover,

Notch-1 siRNA and GSI decreased pAkt and p-mTOR in Akt WT cell

lines. Further experiments were done where Akt WT and DKO MEFs

were deprived of serum for 24 h and then stimulated by addition of

20% FBS, which showed that the Notch activity was impaired in Akt

DKO cells (Fig. 4C), suggesting that many growth stimulating factors

could increase Notch-1 activity through Akt signaling pathway.

DOWN-REGULATION OF NOTCH-1 OR JAGGED-1 BY SIRNA

INHIBITED NF-kB DNA-BINDING ACTIVITY

We investigated whether the downstream effect of Notch-1 down-

regulation was mechanistically associated with the NF-kB pathway

in prostate cancer. Nuclear proteins from transfected cells were

subjected to analysis for NF-kB p65 DNA-binding activity as

measured by EMSA. The results showed that down-regulation of
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Fig. 4. Notch-1 was decreased in Akt knock-out MEF cell lines. CS: control siRNA; NS: Notch-1 siRNA; JS: Jagged-1 siRNA. A: Notch-1, Hes-1 and Jagged-1 mRNA were

decreased significantly in Akt DKO cell lines using Real-time RT-PCR. B: Notch-1 and Jagged-1 proteins were decreased in Akt DKO cell lines using Western blot analysis. Notch-

1 siRNA and GSI (L-685,458, DAPT) decreased pAkt and p-mTOR in Akt WT cell lines. C: Notch-1 siRNA and Jagged-1 siRNA decreased pAkt and p-mTOR in Akt WT cell lines

using Western blot analysis. Akt WT and DKO MEFs were deprived of serum for 24 h and then stimulated by addition of 20% FBS for different time periods. We found that Notch

activity was impaired in Akt DKO cells.
Notch-1 or Jagged-1 significantly inhibited NF-kB p65 DNA-

binding activity compared to control (Fig. 5C). The effect of Notch-1

siRNA on p65 DNA-binding activity was not due to modulation of

the p65 total protein level (Fig. 5B). Further, we found that Notch-1

siRNA or Jagged-1 siRNA reduced the basal levels of IKKa, IkBa and

pIkBa (Fig. 5A). In contrast, up-regulation of Notch-1 activity by

NICD transfection increased NF-kB p65 DNA-binding activity (data

not shown). These results provided direct evidence in support of a

mechanistic cross-talk between Notch-1 and NF-kB in prostate

cancer. Furthermore, we also found that down-regulation of Notch-
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1 or Jagged-1 inhibited NF-kB downstream gene expression, such as

MMP-9, VEGF, and uPA (Fig. 5D).

DOWN-REGULATION OF NOTCH-1 OR JAGGED-1 DECREASED

MMP-9, VEGF, AND uPA GENE TRANSCRIPTION AND

THEIR ACTIVITIES

To explore whether Notch-1 or Jagged-1 siRNA transfection could

decrease the transcription of MMP-9, VEGF, and uPA, real-time RT-

PCR was employed. VEGF exists in at least six isoforms with variable

amino acid residues produced through alternative splicing:
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Fig. 5. Notch-1 siRNA and Jagged-1 siRNA inhibited the NF-kB DNA binding

activity. A: Western blot analysis showed that Notch-1 siRNA and Jagged-1

siRNA inhibited the expression of IKKa, IkBa and pIkBa. B: Notch-1 siRNA and

Jagged-1 siRNA did not change the protein expression of p65 and p50 using

Western blot analysis. C: Notch-1 siRNA and Jagged-1 siRNA inhibited the NF-

kB DNA binding activity in PC-3 cells as assessed by EMSA. D: Western blot

analysis showed that Notch-1 siRNA and Jagged-1 siRNA inhibited the

expression of MMP-9, VEGF, and uPA genes.
VEGF121, VEGF145, VEGF165, VEGF183, VEGF189, and VEGF206.

VEGF121, VEGF165, and VEGF189 are the major forms secreted by

most cell types. Therefore, we detected the transcription of three

major forms (VEGF121, 165, 189). We found that MMP-9, uPA,

VEGF total mRNA, VEGF121, VEGF165, and VEGF189 were

dramatically decreased in the siRNA transfected cells (Fig. 6A),

which we believe is due to inactivation of NF-kB activity. Next, we

examined whether the down-regulation of Notch-1 or Jagged-1

could also lead to a decrease in their activities in PC-3 prostate

cancer cells. We found a marked decrease in the activity of MMP-9,

uPA, and VEGF in Notch-1 and Jagged-1 siRNA transfected cells

(Fig. 6B), which is also consistent with transcriptional inactivation

of these genes.

DOWN-REGULATION OF NOTCH-1 OR JAGGED-1 DECREASED

PROSTATE CANCER CELL MIGRATION AND INVASION

MMP-9, VEGF, and uPA are believed to be critically involved in the

processes of tumor cell migration, invasion and metastasis. Since

Notch-1 siRNA and Jagged-1 siRNA inhibited the expression and

activity of MMP-9, VEGF, and uPA, we tested the effects of Notch-1

and Jagged-1 down-regulation on cancer cell migration and

invasion. We found that down-regulation of Notch-1 or Jagged-1

decreased prostate cancer cell migration. Moreover, as illustrated in
JOURNAL OF CELLULAR BIOCHEMISTRY
Figure 6C, Notch-1 siRNA or Jagged-1 siRNA transfected cells

showed a lower level of penetration through the matrigel-coated

membrane compared with the control cells. The value of

fluorescence from the invaded PC-3 prostate cancer cells was

decreased about three- to fourfold compared with that of control

cells (Fig. 6C), suggesting a direct role of Notch signaling in prostate

cancer cell migration and invasion.

DISCUSSION

Aberrant expression of Notch pathway has been found in a variety

of human cancers including breast, brain, cervical, lung, colon, head

and neck, renal cell carcinoma, acute myeloid, Hodgkin and Large-

cell lymphomas and pancreatic cancer (Miele, 2006; Miele et al.,

2006). It has been reported that Notch-1 was over-expressed in

prostate cancer cell lines and human prostate cancer tissues

(Zayzafoon et al., 2004; Bin et al., 2009). Moreover, Notch-1

expression in human prostate cancer tissues increased with

increasing tumor grade (Bin et al., 2009). However, the role of

Notch pathway in prostate carcinogenesis remains poorly under-

stood. Therefore, in the present study, we investigated the role of

Notch-1 and Jagged-1 in cell proliferation in prostate cancer cells.

In our study, down-regulation of Notch-1 and Jagged-1 elicited a

dramatic effect on cell growth inhibition of PC-3 prostate cancer

cells, as demonstrated by MTT assay and clonogenic assay. In

addition, Notch-1 siRNA and Jagged-1 siRNA caused induction of

apoptotic cell death, suggesting the growth inhibitory activity of

Notch-1 or Jagged-1 down-regulation is in part attributed to an

increase in cell death.

Hyperactivation of Akt pathway has previously been observed in

human prostate cancer (de Souza et al., 2009). Recently, Notch has

been shown to regulate the Akt pathway. Liu et al. (2006) have

reported that Notch-1 activation enhanced melanoma cell survival

and such effects of Notch signaling were mediated via activation of

the Akt pathway. Palomero et al. (2008) found that Notch-1 induced

up-regulation of the PI3K-Akt pathway via Hes-1, which negatively

controls the expression of phosphatase and tensin homolog on

chromosome 10 (PTEN) in T-ALL. Since Notch-1 has been reported

to cross-talk with Akt pathway in human cancer cell lines (Gutierrez

and Look, 2007; Bedogni et al., 2008; Meurette et al., 2009), we

postulated whether cell growth inhibition was indeed due to the

regulation of Akt pathway. We found that down-regulation of

Notch-1 by siRNA or GSI decreased Akt phosphorylation.

Interestingly, we also observed that inactivation of Akt by

LY294002 and Wortmanin eliminated Notch-1 expression and

mTOR phosphorylation. These results suggest the existence of an

interesting reciprocal regulation of Notch-1 and Akt pathways. In

other words Notch-1 could induce Akt signaling, but Notch-1 is also

downstream of Akt pathway. Our results are consistent with

previous findings in T-ALL cell lines, melanomas and breast cancer

cells (Bedogni et al., 2008; Calzavara et al., 2008; Meurette et al.,

2009).

The regulation mTOR activity by growth factors is mediated by

the PI3K/Akt signaling pathway. The mTOR protein kinase has

emerged as a critical player for controlling many cellular processes,
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Fig. 6. Down-regulation of Notch-1 or Jagged-1 decreased prostate cancer cell migration and invasion. CS: control siRNA; NS: Notch-1 siRNA; JS: Jagged-1 siRNA.
�P< 0.05, ��P< 0.01 relative to control. A: Real-time RT-PCR showed that Notch-1 or Jagged-1 siRNA inhibited the expression of MMP-9, uPA, and VEGF genes at mRNA levels

in PC-3 cells. B: Notch-1 siRNA or Jagged-1 siRNA inhibited the activity of MMP-9, uPA, and VEGF in PC-3 cells as assessed by ELISA. C: Left; Notch-1 siRNA or Jagged-1 siRNA

decreased PC-3 prostate cancer cell migration and invasion. Right; values of fluorescence from the migrated cells or invaded cells. [Color figure can be viewed in the online issue,

which is available at www.interscience.wiley.com.]
such as cell growth and cell division by receiving stimulatory signals

from Notch and Akt (Mungamuri et al., 2006; Chan et al., 2007). It

has been reported that inhibition of tumor suppressor protein p53 by

ICN mainly occurs through mTOR using the PI3K/Akt pathway, as

rapamycin treatment abrogated ICN inhibition of tumor suppressor

protein p53 and reversed the chemo-resistance of breast cancer and

T-ALL (Mungamuri et al., 2006). It is well known that mTOR

regulates translation rates and cell proliferation in part by

phosphorylating two major targets, 4E-BP1 and ribosomal protein

S6 kinases (S6K1 and S6K2). In deed, we found that down-regulation

of Notch-1 by siRNA or GSI decreased mTOR phosphorylation and

its target gene 4EBP-1 and S6K phosphorylation. We also found that
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inactivation of Akt by LY294002 and Wortmanin eliminated mTOR

and its target 4EBP-1, s6K phosphorylation.

Akt regulates a number of downstream effectors including NF-

kB. NF-kB has been reported to cross-talk with Notch pathway. The

cross-talk between NF-kB and Notch is extraordinarily complex.

Constitutive levels of Notch activity are essential to maintain NF-kB

activity in various cell types. Levels of basal and stimulation-

induced NF-kB activity were significantly decreased in mice with

reduced Notch levels (Osipo et al., 2008). Recently, Song et al. (2008)

reported that Notch-1 stimulated NF-kB activity in cervical cancer

cells by associating with the IKK signalosome through IKKa. NF-kB

was also previously shown to increase Notch-1 activity indirectly by
JOURNAL OF CELLULAR BIOCHEMISTRY



increasing the expression of Jagged-1 in lymphoma and myeloma

cells (Bash et al., 1999). These reports suggest that, at least, in some

contexts stimuli that activate NF-kB could lead to Notch activation,

and conversely inactivation of Notch could inhibit NF-kB. In our

study, we found that down-regulation of Notch inhibited the NF-kB

DNA binding activity. Moreover, we found that Notch-1 siRNA or

Jagged-1 siRNA reduced the basal levels of IKKa, IkBa, and pIkBa,

which are consistent with previous findings in cervical cancer cells

(Song et al., 2008). However, further in-depth molecular mechan-

istic studies are required in order to determine how Notch-1 cross-

talk with NF-kB.

It is well accepted that many important molecules, such as MMP-

9, VEGF, uPA, are involved in tumor cell invasion and metastasis.

Since we found that down-regulation of Notch-1 and Jagged-1

inhibited the expression and activities of NF-kB downstream genes

such as, MMP-9, VEGF, and uPA, we tested the effects of down-

regulation of Notch-1 and Jagged-1 on the migration and invasion

of prostate cancer cells. We found that down-regulation of Notch-1

or Jagged-1 inhibited migration and invasion of prostate cancer

cells through matrigel, and these results are consistent with previous

findings of Bin et al. (2009). Our results also suggest that down-

regulation of Notch-1 or Jagged-1 could inhibit cancer cell

migration and invasion, which was in part due to down-regulation

of NF-kB and its downstream target genes such as MMP-9, uPA, and

VEGF.

In summary, we presented experimental evidence which strongly

suggest the role of Notch-1 down-regulation as a potential anti-

tumor and anti-metastatic approach in prostate cancer. Down-

regulation of Notch-1 or Jagged-1 inhibited cell growth with

reduced Akt phosphorylation, its downstream gene mTOR phos-

phorylation and inactivated NF-kB signaling. From these results, we

conclude that down-regulation of Notch-1 or Jagged-1 could

potentially be an effective therapeutic approach for the inactivation

MMP-9, uPA, and VEGF, which is likely to result in the inhibition of

cell growth, migration, invasion and metastasis of prostate cancer.

On the basis of our results, we propose a hypothetical pathway by

which Jagged-1 and Notch-1 inactivation may induce apoptotic cell

death and inhibit invasion of PC-3 cells, which is in part mediated

via dysregulation of Akt, mTOR, and NF-kB signaling pathway

(Supplemental Fig. 2). Taken together, these data provide a rationale

for targeting the Notch signaling pathways for the treatment of

prostate cancer in the future.
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Abstract. The Notch signaling pathway appears to be
responsible for maintaining a balance between cell
proliferation and apoptosis and thus it has been suggested that
Notch may play an important role in species development and
in the development and progression of several malignancies.
Therefore, the Notch signaling pathway may represent a novel
therapeutic target, which could have the highest therapeutic
impact in modern medicine. This review describes the
mechanisms of signal transduction of the Notch signaling
pathway and provides emerging evidence in support of its role
in the development of human malignancies. Further attempts
have been made to summarize the role of several
chemopreventive agents that could be useful for targeted
inactivation of Notch signaling, which could become a novel
approach for cancer prevention and treatment.

Notch signaling is involved in cell proliferation and apoptosis
which affects the development and function of many organs.
Notch genes encode proteins which can be activated by
interacting with a family of its ligands. To date, four vertebrate
Notch genes have been identified: Notch-1-4. In addition, five
ligands, Dll-1 (Delta-like 1), Dll-3 (Delta-like 3), Dll-4 (Delta-
like 4), Jagged-1 and Jagged-2, have been found in mammals
(1, 2). Although these four Notch receptors show subtle
differences in their extracellular and cytoplasmic domains, they
are very similar. The extracellular domain of Notch possesses
many epidermal growth factor (EGF)-like repeats, which
participate in ligand binding. The amino-terminal EGF-like
repeats are followed by cysteine-rich Notch Lin12 repeats

(N/Lin12) that prevent signaling in the absence of the ligand.
The cytoplasmic region of Notch conveys the signal to the
nucleus; it contains a recombination signal-binding protein 1 for
J-kappa (RBP-J)-association molecule (RAM) domain, ankyrin
repeats, nuclear localization signals (NLS), a trans-activation
domain (TAD) and a region rich in proline, glutamine, serine
and threonine residues (PEST) sequence (3).

Notch signaling is initiated by a receptor-ligand interaction
between two neighboring cells. Upon activation, Notch is
cleaved, releasing the intracellular domain of the Notch (ICN)
through a cascade of proteolytic cleavages by the
metalloprotease tumor necrosis factor-α-converting enzyme
(TACE) and γ-secretase. The first cleavage is mediated by
TACE, which cleaves the receptor in the extracellular domain.
The released extracellular domain is then trans-endocytosed by
the ligand-expressing cell. The second cleavage caused by the
γ-secretase activity of a multi-protein complex consisting of
presenilin, nicastrin, etc. releases the ICN which is then ready to
be translocated into the nucleus for transcriptional activation of
Notch target genes (1, 2, 4). Therefore, inhibiting γ-secretase
function prevents the cleavage of the Notch receptor, blocking
Notch signal transduction. In the absence of ICN cleavage,
transcription of Notch target genes is inhibited by a repressor
complex mediated by the CSL (CBF1, suppressor of hairless,
Lag-1). When ICN enters the nucleus, it recruits transcription
activators to the CSL complex and converts it from a
transcriptional repressor into an activator, which activates the
Notch target genes (1, 2). A few Notch target genes have been
identified, some of which are dependent on Notch signaling in
multiple tissues, while others are tissue specific. Notch target
genes include the Hes-1 (hairy enhance of split-1), nuclear
factor-kappa B (NF-κB), cyclin D1 and c-myc (1, 2, 5).

Notch Signaling in Cancer

Notch signaling plays important roles in maintaining the
balance between cell proliferation, differentiation and
apoptosis (1). The Notch gene is abnormally activated in
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many human malignancies. It has been reported that the
function of Notch signaling in tumorigenesis can be either
oncogenic or antiproliferative, and the function is context
dependent (1, 6). In a limited number of tumor types,
including human hepatocellular carcinoma and small cell
lung cancer, Notch signaling is antiproliferative rather than
oncogenic (7-9). However, most of the studies have shown
an opposite function of Notch in many human carcinomas,
including pancreatic cancer (1, 2, 8-11). It has been reported
that the Notch signaling network is frequently deregulated in
human malignancies with up-regulated expression of Notch
receptors and their ligands in cervical, lung, colon, head and
neck, renal carcinoma, acute myeloid, Hodgkin and large-
cell lymphomas and pancreatic cancer (8-15).

Moreover, high-level expression of Notch-1 and its ligand
Jagged-1 is associated with poor prognosis in breast and
prostate cancer. Specifically, patients with tumors expressing
high levels of Jagged-1 or Notch-1 had a significantly poorer
overall survival compared with patients expressing low levels
of these genes. Moreover, a synergistic effect of high-level
Jagged-1 and high-level Notch-1 co-expression on overall
survival was observed (16). Notch-1 is an important
prognostic marker in T-cell acute lymphoblastic leukemia (T-
ALL) and its predictive value could be even further increased
if co-evaluated with other T-cell-related regulatory genes
(17). Jagged-1 is highly expressed in metastatic prostate
cancer as compared with localized prostate cancer or benign
prostatic tissues. Furthermore, high Jagged-1 expression in
a subset of clinically localized tumors was significantly
associated with recurrence, suggesting that Jagged-1 may be
a useful marker in distinguishing indolent vs. aggressive
prostate carcinomas (18). Multiple oncogenic pathways, such
as NF-κB, Akt, Sonic hedgehog (Shh), mammalian target of
rapamycin (mTOR), Ras, Wnt, epidermal growth factor
receptor (EGFR) and platelet-derived growth factor (PDGF)
signaling have been reported to cross-talk with the Notch
pathway and thus it is believed that the cross-talk between
Notch and other signaling pathways plays an important role
in tumor aggressiveness.

Notch and NF-κB Signaling

The molecular mechanism(s) by which Notch signaling
induces tumor growth has not been fully elucidated. Notch-1
has been reported to cross-talk with another major cell growth
and apoptotic regulatory pathway, namely NF-κB. NF-κB
plays important roles in the control of cell growth,
differentiation, apoptosis, and inflammation (19, 20). NF-κB
mediates survival signals that inhibit apoptosis and promote
cancer cell growth. The activation of NF-κB involves the
phosphorylation of IκB (I-kappa-B), an inhibitory binding
partner of the NF-κB complex, for ubiquitination and
degradation through the proteasome degradation pathway.

This allows the translocation of NF-κB into the nucleus
where it activates the transcription of genes. A key regulatory
step in the NF-κB pathway is the activation of a high
molecular weight IKK (IκB kinase) complex in which
catalysis is thought to be via kinases, including IKKα and
IKKβ, which directly phosphorylate IκB proteins (20).

Notch-1 has been reported to strongly induce NF-κB2
promoter activity in reporter assays (21) and to induce the
expression of several NF-κB subunits (22). Notch ligands
activate NF-κB in human keratinocytes and the down-
regulation of Notch-1 results in lower NF-κB activity. The
levels of basal and stimulation-induced NF-κB activity were
found to be significantly lower in mice with reduced Notch
levels (23, 24). Vilimas et al. examined a murine model of T-
ALL induced by overexpression of ICN and found that the
NF-κB target genes were up-regulated in the ICN-
transformed cells. In these cells, and in human cell lines
derived from spontaneous T-ALL, ICN interacts with the
IKK signalosome, increasing its IκBα kinase activity (25).
It has recently been discovered that in colorectal carcinoma
cells, nuclear IKKα phosphorylates SMRT (silencing
mediator of retinoid and thyroid hormone receptor) not only
in association with NF-κB but also in association with CSL
(26). Constitutive levels of Notch activity are essential to
maintain NF-κB activity in various cell types. Indeed, we
have found that down-regulation of Notch-1 reduced NF-κB
activity. In contrast, overexpression of wild-type Notch-1
cDNA enhanced NF-κB activity (27). We also found that
down-regulation of Notch-1 caused attenuation of NF-κB
consistent with the down-regulation of NF-κB downstream
genes such as vascular endothelial growth factor (VEGF)
and matrix metalloproteinase-9 (MMP-9) , resulting in the
inhibition of cancer cell invasion through matrigel (27).

However, several groups have reported that NF-κB can
also regulate Notch expression (28, 29). The observations
reported in the literature so far offer a complex and
incomplete picture of the interactions between these two key
cell fate-determining pathways. As is becoming increasingly
clear in the case of other pathways, these interactions can be
cooperative or antagonistic and multiple levels of feedback
are possible depending on the context. The physiological
relevance of these interactions needs to be thoroughly
investigated. However, it can be safely stated that those
planning to manipulate the Notch-signaling pathway for
experimental or therapeutic purposes would do very well to
examine the possible effects on NF-κB signaling pathway
and vice versa (30).

Notch and Akt Signaling

Akt (also known as protein kinase B) is an evolutionarily
conserved serine/threonine kinase. Three isoforms, Akt1,
Akt2 and Akt3, are expressed in mammals. Akt is activated
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by phosphatidylinositol 3-kinase (PI3K), which transmits
signals from cytokines, growth factors and oncoproteins to
multiple targets, including Akt. Activation of PI3K localizes
Akt to the plasma membrane via the pleckstrin homology
domain of Akt, where Akt is activated by phosphorylation at
Thr308 and Ser473 (31). Akt plays a critical role in
mammalian cell survival signaling and has been shown to be
activated in various malignancies (31-33). Activated Akt
functions to promote cell survival by inhibiting apoptosis
through inactivation of several pro-apoptotic factors including
Bcl-xL/Bcl-2-associated death (BAD), forkhead transcription
factors and caspase-9 (34-36). Several studies have also
shown that Akt regulates the NF-κB pathway via the
phosphorylation and activation of molecules in the NF-κB
pathway (37, 38).

Recently, Notch has been shown to regulate the Akt
pathway. Liu et al. have reported that Notch-1 activation
enhanced melanoma cell survival and such effects of Notch
signaling were mediated by activation of the Akt pathway
and the mitogen-activated protein kinase (MAPK) pathway
(39). Palomero et al. found that Notch-1 induced up-
regulation of the PI3K-Akt pathway via Hes-1, which
negatively controls the expression of phosphatase and tensin
homolog on chromosome 10 (PTEN) in T-ALL. The loss of
PTEN and constitutive activation of Akt in T-ALL induced
increased glucose metabolism and bypassed the requirement
of Notch-1 signaling to sustain cell growth (40). Moreover,
Palomero et al. identified loss of PTEN as a critical event
leading to resistance to Notch inhibition, which caused the
transfer of the phenomenon of “oncogene addiction” from
the Notch-1 signaling to the PI3K/Akt signaling pathway
(41, 42). Emerging evidence suggests that expression of the
Notch ligand Jagged in human keratinocytes and cervical
cancer cell lines leads to Akt phosphorylation and induction
of a frank PI3K-dependent epithelial-mesenchymal transition
(EMT) phenotype characterized by enhanced motility,
morphological changes, E-cadherin down-regulation and up-
regulation of vimentin and fibronectin (43). These
observations also suggest that there is an urgent need for
simultaneous inhibition of both pathways as a means of
improving therapeutic efficacy for the treatment of most
human malignancies.

Notch and mTOR Signaling

The mammalian target of rapamycin (mTOR) pathway has
been reported to cross-talk with the Notch pathway (44-46).
mTOR regulates translation rates and cell proliferation in
part by phosphorylating two major targets, the eukaryotic
translation initiation factor 4E (eIF4E)-binding protein 1
(4E-BP1) and the ribosomal protein S6 kinases (S6K1 and
S6K2). Upon phosphorylation, 4E-BP1 is released from
eIF4E, allowing eIF4E to assemble with other translation

initiation factors to initiate cap-dependent translation. The
eIF4E is thought to enhance the translation of transcripts
possessing either complex 5’-untranslated region secondary
structure and/or via upstream open reading frames, which
often encode proteins associated with a proliferative
response. S6K1 directly phosphorylates the 40S ribosomal
protein S6, and then promotes ribosome biogenesis (47).
mTOR exists in two distinct complexes, mTORC1 and
mTORC2, within the cells: mTORC1 consists of mTOR, G-
protein β-subunit-like protein (GβL), raptor and proline-rich
Akt substrate of 40 kiloDaltons (PRAS40); and mTORC2
contains mTOR, GβL, rictor and stress-activated protein
kinase-interacting protein 1 (SIN1). The raptor-containing
complex is sensitive to rapamycin and regulates cell growth
and proliferation in part through phosphorylating S6K and
4E-BP1. The rictor-containing complex is not sensitive to
rapamycin (48).

The mTOR protein kinase has emerged as a critical player
for controlling many cellular processes, such as cell growth
and cell division, by receiving stimulatory signals from Notch
and PI3K (44-46). Notch receptor activation induces the
expression of specific target genes Hes-3 and Shh through
rapid activation of cytoplasmic signals, including Akt, mTOR
and signal transducer and activator of transcription 3
(STAT3), and thereby promotes the survival of neural stem
cells (44). Inhibition of tumor protein p53 by ICN mainly
occurs through mTOR using the PI3K/Akt pathway, as
rapamycin treatment abrogated ICN inhibition of tumor
protein p53 and reversed the chemoresistance in breast cancer
and T-ALL (46). Further, ectopic expression of eIF4E
inhibited p53-induced apoptosis and conferred protection
against p53-mediated cytotoxicity to a similar extent as that
of ICN overexpression, but it was not reversed by rapamycin,
which indicated that eIF4E is the major target of mTOR in
Notch-1-mediated survival signaling (46). Recently, Chan et
al. reported that the mTOR pathway is positively regulated
by Notch in T-ALL cells. They found that the effect of
gamma secretase inhibitor (GSI) on the mTOR pathway was
independent of changes in PI3K and Akt activity, but was
rescued by expression of c-Myc, a direct transcriptional target
of Notch, implicating c-Myc as an intermediary between
Notch and mTOR (45). Moreover, T-ALL cell growth was
suppressed in a highly synergistic manner by simultaneous
treatment with the mTOR inhibitor rapamycin and GSI,
which represents a rational drug combination for treating this
aggressive human malignancy (45).

Notch and EGFR Signaling

EGFR is a transmembrane tyrosine kinase protein. After
ligand binding, EGFR dimerizes, either as a homodimer or
heterodimer with other members of the EGFR family. EGFR
is then auto-phosphorylated or trans-phosphorylated at
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specific tyrosine residues for its activation, resulting in the
activation of multiple downstream signaling cascades,
including PI3K/Akt, and extracellular signal-regulated
kinase (ERK), ultimately leading to increased cellular
proliferation and the prevention of programmed cell death.
Therefore, excessive activation of EGFR-dependent
pathways may have an important role in the biological
aggressiveness of human cancer.

It has been reported that Notch-1 inhibition reduced
EGFR mRNA and EGFR protein in glioma and other cell
lines, whereas transfection with Notch-1 increased EGFR
expression. Additionally, a significant correlation in levels of
EGFR and Notch-1 mRNA in primary high-grade human
gliomas has been found. Subsequent experiments have
shown that p53, an activator of the EGFR promoter, is
regulated by Notch-1. These results showed that Notch-1 up-
regulates EGFR expression and also demonstrated Notch-1
mediated up-regulation of p53 in gliomas (49). Recently,
Zhang et al. demonstrated that γ-secretase regulates EGFR
through releasing ICN generation, which directly binds to the
EGFR promoter and regulates EGFR gene expression (50).
The findings from our laboratory have shown that the EGFR
inhibitor caused marked inhibition of pancreatic cancer cell
growth, which was accompanied by increased apoptosis and
concomitant attenuation of the Notch-1 signaling pathway
(51). These results provide some clear evidence in support
of an interactive role of Notch with EGFR signaling in
human cancer.

Notch and PDGF Signaling

Many tumors have been shown to overexpress the PDGF
family members (52-54). The PDGFs are composed of four
different polypeptide chains encoded by different genes. Four
PDGF family members have been identified to date, PDGF
A-D. The four PDGF chains assemble into disulphide-
bonded dimers via homo- or heterodimerization, and five
different dimeric isoforms have been described to date,
PDGF-AA, PDGF-AB, PDGF-BB, PDGF-CC and PDGF-
DD. It is notable that no heterodimers involving PDGF-C
and PDGF-D chains have been described (54, 55). The
PDGFs have a common structure with the typical growth
factor domain involved in the dimerization of the two
subunits and in receptor binding and activation. PDGF-A and
PDGF-B have short N-terminal extensions that undergo
intracellular proteolytic processing for activation, while both
PDGF-C and PDGF-D chains display a distinct protein
domain, the so called complement C1r/C1s, Uegf, Bmp1
(CUB) domain, as part of their N-terminal extensions.
Several reports have indicated that the CUB domain of
PDGF-D has to be cleaved extracellularly to make the
COOH-terminal growth factor domain active for PDGF-D
binding to its cognate receptor (54, 55). PDGFs exert their

cellular effects by activating two structurally related receptor
tyrosine kinases, PDGFR-α and PDGFR-β. The PDGF-A,
PDGF-B and PDGF-C are secreted as homodimers or
heterodimers and bind to dimeric PDGF receptors (PDGFR)
composed of α- and/or β-chains, while PDGF-D specifically
binds to and activates its cognate receptor PDGFR-β (56). It
has been reported that PDGF signaling regulates the expression
of the Notch-1 receptor in some cell lines (57). The expression
of PDGF-B correlates with Notch ligand Dll-4 expression in
developing retinal arteries (58). We also found that down-
regulation of PDGF-D leads to the inactivation of Notch-1
and NF-κB DNA-binding activity and, in turn, down-
regulates the expression of its target genes, such as VEGF
and MMP-9. Therefore, the inactivation of PDGF-D-
mediated cell invasion and angiogenesis that we have
reported could in part be due to inactivation of Notch-1
activity (53). These results further suggest that the
combination of the inhibitors of PDGF and Notch signaling
could be therapeutically useful and thus further studies are
warranted in this area.

Notch and Sonic Hedgehog Signaling

The hedgehog family of growth factors activates a highly
conserved signaling system for cell–cell communication that
regulates cell proliferation and differentiation during
development. Abnormal activation of the hedgehog pathway
has been demonstrated in a variety of human tumors, including
those of the skin, brain, lung and digestive tract. The hedgehog
family of signaling proteins consists of secreted proteins that
signal through both autocrine and paracrine mechanisms to
control cell proliferation, differentiation and morphology. There
are three known hedgehog ligands, Sonic (Shh), Indian (Ihh)
and Desert (Dhh). The Shh is more closely related to Ihh,
while Dhh is more closely related to the hedgehog of
Drosophila. The hedgehog proteins exert their function by
binding to a 12-pass transmembrane protein called patched
(PTCH) (59, 60). This interaction relieves the inhibitory effect
of PTCH on a serpentine protein called smoothened (SMO).
The SMO is then hyperphosphorylated and has been recently
shown to localize to primary cilia. This pathway ultimately
concludes with the activation and repression of target genes
through the Gli family of transcription factors. In mammals,
there are three Gli transcription factors (Gli-1, -2, -3) that
regulate the transcription of target genes (60).

Cross-talk also exists between the Notch pathway and
both Wnt and Shh signaling. Notch-1 normally represses
Wnt and Shh signaling, both of which are known to regulate
tumorigenesis. In Notch-1 null skin, activation of Wnt and
Shh pathways resulted in the development of basal cell
carcinoma and squamous cell carcinoma in the mouse (61).
Katoh reported that hedgehog signals result in the up-
regulation of the Jagged-2 gene, which activates Notch
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signaling (62). Moreover, Hes-1, a principal downstream
target of the Notch pathway, was found to be a target of Shh
in mesodermal and neural cells (59). Medulloblastoma
arising in heterozygous PTCH knockout mice displays an
elevated expression of a number of Notch pathway genes, as
do similar tumors arising in mice expressing an oncogenic
form of Smo (63-65).

The Wnt signal transduction pathway also plays an
important role during embryonic development, regulating
cell proliferation and survival of immature cells. However,
its improper function can lead to harmful consequences for
humans, such as aberrant cell proliferation and therefore,
cancer. The human Wnt gene family consists of 19
members, which regulate Wnt glycoproteins. The classical
view of this pathway is that, upon binding to their receptors,
Wnt proteins induce intracellular inactivation of glycogen
synthase kinase-3β (GSK-3β), a component of the
destruction complex, which also contains adenomatous
polyposis coli (APC) and axin (66). This process results in
the dephosphorylation and stabilization of β-catenin, a
substrate of GSK-3β, which leads to the nuclear
translocation of β-catenin. In the nucleus, β-catenin acts as
a transcriptional co-activator and activates genes involved in
cell proliferation and survival (66).

Several recent studies have suggested clear links between
Wnt and Notch signaling. Squamous cell carcinoma develops
spontaneously in the epidermis of mice expressing a
dominant negative form of Mastermind1, which functions as
an adaptor for RBP-J dependent Notch signaling. Dominant
negative Mastermind1 inhibits Notch signaling, resulting in
the activation of the Wnt pathway in keratinocytes (67).
Enhanced Notch signaling activity has been observed in
multiple intestinal neoplasia mice, which display
hyperactivation of the Wnt signal because of a mutation of
the APC gene, suggesting that the Wnt signal is
mechanistically epistatic to the Notch signal (68). Recently,
an intriguing report presented evidence that Notch and Wnt
pathways act in synergy to maintain the hematopoietic stem
cell (HSC) pool (69). These findings suggest that Wnt and
Notch signaling together could play a role in self-renewal of
HSCs. Moreover, observations that Wnt3a regulates the
expression of established Notch target genes and that
inhibition of the Wnt signaling component of GSK-3 affects
HSC fate options through mechanisms involving regulation
of both Wnt and Notch target genes suggest that the two
pathways belong to a network of regulatory circuits
controlling the HSC pool (69-71).

Notch and Ras

Ras is a small GTPase that cycles between an inactive, GDP-
bound state and an active, GTP-bound state. In mammals,
Ras appears to be a central player in multiple signaling

pathways. Ras can be activated by a wide variety of upstream
signals, and Ras-GTP can bind and activate multiple
downstream targets (72). Ras acts primarily within a receptor
tyrosine kinase (RTK)–Ras–MAPK/ERK pathway. Among
many RTKs, EGFR is one major RTK that signals through
Ras and ERK (72).

Stockhausen et al. have shown that transforming growth
factor (TGFα), a known activator of RTKs and Ras
signaling, can drive cell proliferation and at the same time
Ras activation could induce the expression of the Notch
target Hes-1 in a neuroblastoma cell line. These studies
have shown that Hes-1 expression was induced
simultaneously with increased ERK1/2 phosphorylation in
TGFα-stimulated neuroblastoma cells, suggesting Hes-1, a
key mediator of Notch signaling, can be regulated by the
Ras/MAPK signaling pathway (73). In addition to Notch
being a mediator of Ras signaling, there is also some
evidence for Ras as an effector of Notch. Fitzgerald et al.
have shown that transformation by Notch-4 required active
Ras signaling, in particular the activity of ERK and PI3K
(74). For example, in human cultured cells transformed by
a combination of active Ras, SV40 and human telomerase
reverse transcriptase (hTERT), Ras acts through p38
MAPK to up-regulate the expression of Dll-1 and Notch-
1. Interfering with Notch signaling in this system inhibited
anchorage-independent growth, suggesting that sequential
signaling through Notch is critical for Ras-induced
transformation (75). Similarly, Kiaris et al. showed the
importance of Ras and Notch in cyclin D1-dependent
mammary oncogenesis by transgenic expression of the
Notch antagonist Deltex (76). In this mouse mammary
tumor model, H-Ras and Notch up-regulated expression of
cyclin D1, suggesting that the mode of cooperation might
be due to convergent up-regulation of a common target
(72). Collectively, emerging evidence suggests that
oncogenes such as Ras, cyclin D1, growth factors and
growth factor receptors lead to the activation of Notch
signaling whose cross-talk with other signaling pathways
results in tumor development and progression.

Notch and Cancer Stem Cells

Recently, several reports have described molecular
connections between Notch regulated transcription factors
and pathways in controlling stem cell function, which
further suggest that a new mechanism exists in support of
the claim that Notch may drive tumor growth through the
generation or expansion of tumor-initiating cells or cancer
stem-like cells (CSCs) (4). Stem cells are defined by their
capacity for self-renewal and differentiate into the full
spectrum of cells characterizing a particular organism or
tissue. Stem cells are of three major types embryonic,
germinal and somatic (77). The inner cell mass of the
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blastocyst generates embryonic stem cells. The embryonic
stem cells are omnipotent, capable of generating any cell in
the mature organism and have unlimited capacity to
replicate. Germinal stem cells come from the germinal layer
of the embryo. These germinal stem cells differentiate to
generate specific organs. Somatic stem cells have the
capacity to self-renew and differentiate into all cells
characteristic of a specific organ or tissue (77). Stem cells
often stay at locations that are called stem cell niches.
Specifically, stem cell niches are defined as particular
locations or microenvironments that allow the combined
properties of stem cell self-renewal and multi-potency to be
maintained (78). A combination of genetic and molecular
analyses has identified many factors that support stem cell
niches that also control stem cell identity. These factors
include components of the Notch, Wnt and Shh signaling
pathways (79).

Emerging evidence suggests that the capability of a
tumor to grow and propagate is dependent on a small
subset of cells within the tumor, termed CSCs. CSCs have
been identified and isolated from tumors of the
hematopoietic system, breast, lung, prostate, colon, brain,
head and neck and pancreas (80-85). CSCs are able to
self-renew, differentiate and regenerate phenotypic cells of
the original tumor when implanted into severe combined
immunodeficient mice (84, 85). These cells are identified
by specific stem cell markers, antigens, molecules and
signaling pathways (86).

The pathways that regulate self-renewal and cell fate in
these systems are beginning to be elucidated. Transcription
factors and molecules associated with oncogenesis, such as
Notch, NF-κB, B lymphoma Mo-MLV insertion region 1
homolog (Bmi-1), Wnt, Shh and their biochemical pathways,
are active only in a small minority of cancer cells where they
may play key roles in determining the biological behavior of
a tumor (86). Katoh reported that the balance between Wnt-
fibroblast growth factor (FGF)-Notch and bone
morphogenetic protein (BMP)-hedgehog signaling networks
is important for the maintenance of homeostasis among stem
and progenitor cells. Disruption of the stem cell signaling
network results in pathological conditions, such as congenital
diseases and cancer (87). In addition to pathways such as
Wnt, Notch and hedgehog, known to regulate self-renewal
of normal stem cells, tumor suppressor genes such as PTEN
and p53 have also been implicated in the regulation of cancer
stem cell self-renewal (87).

Phillips et al. reported that cancer stem cells can be
identified by phenotypic markers and their fate is controlled
by the Notch pathway in breast cancer (88). Recombinant
human erythropoietin receptor increased the numbers of stem
cells and the self-renewing capacity in a Notch-dependent
fashion by the induction of the Notch ligand, Jagged-1.
Inhibitors of the Notch pathway blocked this effect,

suggesting the mechanistic role of Notch signaling in the
maintenance of the CSC phenotype (88). Farnie et al. also
provided evidence for breast cancer stem cells and their
studies have consistently shown that stem-like cells and
breast cancer-initiating populations can be enriched using the
cell surface markers CD44+/CD24– that showed up-
regulated genes including Notch (89). Notch signaling also
promotes the formation of CSCs in human glioma. The
overexpression of Notch-1 in SHG-44 glioma cells promoted
their growth and colony-forming activity. Interestingly, the
overexpression of ICN increased the formation of
neurosphere-like colonies in the presence of growth factors.
These colonies expressed nestin and also expressed neuron-,
astrocyte- or oligodendrocyte-specific markers, consistent
with phenotypes of neural stem cells. These data suggest
potential functions of the Notch pathway in the formation of
CSCs in human glioma (90). Recently, Fan et al. found that
Notch blockade reduced the CD133-positive cell fraction
almost 5-fold and totally abolished the side population,
suggesting that the loss of tumor-forming capacity could be
due to the depletion of CSCs. Notch signaling levels were
higher in the CSC fraction, providing a potential mechanism
for their increased sensitivity to the inhibition of this
pathway. They also observed that apoptotic rates following
Notch blockade were almost 10-fold higher in primitive
nestin-positive cells as compared with nestin-negative cells.
CSCs in brain tumors thus seem to be selectively vulnerable
to agents inhibiting the Notch pathway (91). Moreover,
Jagged-2, a Notch ligand, was found to be overexpressed in
the leukemic stem cell (LSC) samples. N-[N-(3,5-
Difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester
(DAPT), an inhibitor of γ-secretase, a protease that is
involved in Jagged and Notch signaling, inhibited LSC
growth in colony formation assays (92). Taken together,
these results suggested that the Notch pathway plays an
important role not only in normal stem cells, but also in
cancer stem cells.

Notch as a Cancer Treatment Target

A growing body of literature strongly suggests that
increased expression of Notch genes and their ligands are
detected in many human cancer cells and tissues such as
those of the pancreas, breast, lung, mesothelioma, head and
neck, renal, cervical, ovarian, endometrial, osteosarcoma,
glioma and medulloblastoma, and leukemia (1, 2, 5, 93-95).
These results clearly suggest that inactivation of Notch
signaling by novel approaches would have a significant
impact in cancer therapy. Moreover, current cancer
therapeutics based on tumor regression may target and kill
differentiated tumor cells, which make up the bulk of the
tumor, while sparing the rare cancer stem cell population
that must be killed for successful therapy. The cancer stem
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cell model suggests that the design of new cancer
therapeutics may require the targeting and elimination of
cancer stem cells. Therefore eradicating cancer stem cells is
increasingly being recognized as an important goal in curing
cancer and thus the Notch pathway is considered an
attractive target for treatment. Reducing Notch activity in
cancer stem cells may promote their differentiation, thus
reducing their ability to repopulate the cells forming the
tumor mass. Recently, Notch was reported to regulate
interleukin-10 (IL-10) production by T-helper 1 (Th1) cells
(96) and suppress immunity. Since Th1 cells and their
products are known to mediate antitumor responses, Notch-
induced IL-10 production by Th1 cells can self-regulate Th1
cytokine production patterns leading to the suppression of
Th1 cell-induced delayed–type hypersensitivity. IL-10
production can be elicited by all four mammalian Notch
receptors (96), which also suggests that the inactivation of
Notch could also revert immune suppression so that the cells
could be killed via T-cell-mediated killing.

Moreover, dendritic cells (DCs) acquire the capacity for
Dll-4 expression upon stimulation with Toll-like receptor
(TLR) ligands and simultaneously induce IL-10 production
by Th1 cells in vitro and in vivo. On the other hand, TLR
ligation up-regulates the expression of Notch ligands Dll-1
or Dll-4 via the myeloid differentiation primary response
gene 88 (MyD88) pathway which strongly inhibits Th2 cell
development (97). Therefore, it is clear that the Notch
pathway may play a pivotal role in the development of
specific immune responses in Th1 and Th2 cells as well as
DC activation and differentiation. The interruption of Notch
signaling by deletion of Notch+ tumor cells may not only
eliminate clonogenic tumor cells, but more importantly, serve
to interrupt the tolerance of immunosuppressive factors or
circuitry induced by tumor cells by the interruption of the
production of IL-10 or other suppressive substances to
reverse immune suppression.

Notch signaling is activated via the activity of γ-secretase
which makes it a target in cancer therapy. Several forms of
γ-secretase inhibitors have been tested for antitumor effects.
For example, IL-X, an original γ-secretase inhibitor, has
been shown to have Notch-1-dependent antitumor activity in
Ras-transformed fibroblasts (75). Recently, the dipeptide
γ-secretase inhibitor DAPT was reported to suppress
medulloblastoma growth and induce G0-G1 cell cycle arrest
and apoptosis in a T-ALL animal model (65, 98). Treatment
with tripeptide γ-secretase inhibitor resulted in a marked
reduction in tumor growth in cell lines and xenografts from
melanoma and Kaposi sarcoma in mice (99). Dibenzazepine,
one of the γ-secretase inhibitors, has been reported to inhibit
epithelial cell proliferation and induce goblet cell
differentiation in intestinal adenomas (68). We also found
that a γ-secretase inhibitor suppressed prostate cancer cell
growth (100).

Inhibitors of γ-secretase are being tested in Phase I clinical
trials, suggesting that Notch signaling is an important target
in cancer therapy. However, one of the major challenges is to
eliminate unwanted toxicity associated with γ-secretase
inhibitors, especially cytotoxicity in the gastrointestinal tract
(101). Shih et al. reported the possible mechanisms underlying
the unwanted cytotoxicity of γ-secretase inhibitors (93).
Firstly, the Notch signaling pathway is known to widely
participate in cellular physiology in normal tissues, including
hematopoiesis and the maintenance of arterial smooth muscle,
therefore, it is plausible that inactivation of γ-secretase may
lead to the dysfunction of vital organs. Secondly, γ-secretase
inhibitors do not exclusively target the Notch signaling
pathways because γ-secretase has many substrates in addition
to Notch receptors, such as several Notch ligands, v-erb-a
erythroblastic leukemia viral oncogene homolog 4 (ErbB4)
and CD44. Thirdly, γ-secretase inhibitors may target proteases
other than γ-secretase. Therefore, γ-secretase inhibitors may
have widespread adverse effects in vivo because proteases
participate in a wide array of cellular functions (93).

Studies from our laboratory have shown that
chemopreventive agents such as genistein and curcumin
(non-toxic agents from dietary sources) may inhibit Notch-
1 activation in pancreatic cancer cells leading to apoptotic
cell death (102, 103). A Chinese herb mixture (antitumor B)
also inhibited Notch expression in a mouse lung tumor
model (104). Recently, resveratrol has also been shown to
induce apoptosis by inhibiting the Notch pathway mediated
by p53 and PI3K/Akt in T-ALL (105). These findings
suggest that Notch-1 down-regulation, especially by
genistein or curcumin, could be a novel therapeutic approach
for the treatment of human malignancies by targeting the
inactivation of Notch signaling. However, further in-depth
studies including mechanistic in vitro studies, in vivo animal
experiments and clinical trials are needed to fully appreciate
the consequence of the down-regulation of Notch-1 signaling
by non-toxic dietary chemopreventive agents. We believe that
this article could stimulate further research in this field for
the development of non-toxic approaches for cancer therapy
by targeting Notch signaling, which is likely to eliminate not
only tumor cells, but also cancer stem cells, in addition to
reverting immune suppression.
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1. Introduction

Platelet-derived growth factor (PDGF) signaling pathway has been
extensively studied and well characterized since PDGF was first
described in the 1970s as a serum factor that promoted the smooth
muscle cell proliferation [1]. The PDGF family is comprised of four
different polypeptide chains encoded by different genes, which have
been identified: PDGF-A, PDGF-B, and recently discovered PDGF-C and
PDGF-D [2–4]. PDGF need to be assembled into disulphide-bonded
dimmers via homodimerization or heterodimerization in order to play
their functional role. So far, four homodimers PDGF-AA, PDGF-BB,
PDGF-CC and PDGF-DD, and one heterodimer, PDGF-AB have been
described [5]. It is interesting to note that no heterodimers involving
PDGF-C and PDGF-D chains have been described. In addition, it is
notable that PDGF-A and PDGF-B are secreted in their active forms,
while PDGF-C and PDGF-D are secreted as inactive forms requiring
activation for their function. These differences could be due to their
subtle structural differences although the PDGF have a common
structure with typical growth factor domain involved in the
dimerization of the two subunits, and in terms of their receptor
binding and activation. Interestingly, the PDGF show high sequence
identity with the vascular endothelial growth factor (VEGF), which
may suggest their similar but distinct biological functions. Therefore,
PDGF family is sometimes referred to as PDGF/VEGF family [1]. PDGF-
A and PDGF-B mainly encode the growth factor domain and have
short N-terminal extensions that undergo intracellular proteolytic
processing for activation, while both PDGF-C and PDGF-D chains
encode a unique two-domain structure with an N-terminal ‘Clr/Cls,
urchin endothelial growth factor-like (UEGF) protein and bone
morphogenic protein 1’ (CUB) domain, as part of their N-terminal
extensions, in addition to the C-terminal growth factor domain. The
basic domain structure of PDGF family members is provided in Fig. 1.

Several reports have shown that the CUB domains of PDGF-D have
to be cleaved extracellularly to make the COOH-terminal growth
factor domain active for PDGF-D binding to its receptor. PDGFs exert
their cellular effects by activating two structurally related receptor
tyrosine kinases of the PDGF (PDGFR), PDGFR-α and PDGFR-β. The
PDGF-AA activates PDGFRα, whereas PDGF-BB activates PDGFR-α,
PDGFR-α/β and PDGFR-β. PDGF-AB and PDGF-CC activate PDGFR-α
and PDGFR-α/β, while PDGF-DD specifically binds to and activates its
Fig. 1. A; Schematic drawing of the four PDGF proteins (PDGF-A,
cognate receptor PDGFR-β (Fig. 1). The physiological relevance of the
ability of PDGFs to activate PDGFR heterodimers is unclear at present
[1]. The phosphorylation of PDGF receptor triggers a number of
downstream signaling pathways including activation of phosphati-
dylinositol 3 kinase (PI3K), Akt, nuclear factor-κB (NF-κB), Notch,
extracellular signal-regulated kinase (ERK), etc. [5–8]. Although all
four PDGF ligands play their oncogenic roles through two PDGFRs,
they could promote carcinogenesis through different targets. Without
doubt further investigations are needed to elucidate how PDGF
ligands active different PDGFR downstream genes.

2. PDGF-D, the latest member of PDGF family, has unique functions

As mentioned above, all the PDGF isoforms elicits their biological
functions through a total of two receptors. While this leads to
overlapping cellular effects in some cases, it is increasingly being
realized that different PDGFs exhibit mutually exclusive physiological
effects as well [9]. Thus, PDGF signaling is a complex pathway, more so
because of the addition of latest members, PDGF-C and PDGF-D [10].
Recognition of these new factors has, in spite of adding complexity to
overall understanding of PDGF signaling, helped explain some key
developmental processes, which shed more light on the overall
interplay and regulation of these growth factors. For example, in
transdifferentiating hepatic stellate cells, different PDGF isoforms
have been shown to be expressed at different stages [11]. PDGF-B is
expressed predominantly at initial stages, whereas PDGF-D takes over
at transitional stage while the levels of PDGF-C are high at later stages.
This indicates that while different PDGFsmight contribute to the same
physiological process, each PDGF has a different and distinct role.

The report by Lokker et al. is a good example of how perception of
PDGF signaling has changed with the discovery of PDGF-D [12]. This
study was focused on glioblastoma multiforme, a particularly
aggressive brain tumor, where the median survival time is just 9–
12 months. Before this study, PDGF-B was believed to be a crucial
factor involved in growth of such brain tumors primarily because it
was the only PDGF familymember known to function through PDGFR-
β [13]. This notion, however, changed with the detailed character-
ization of PDGF-D, along with other PDGFs, and the two receptors,
studied in 11 glioma cell lines [12]. PDGF-Dwas found to be expressed
in 10 of the 11 cell lines and PDGFR-β in 9 of 11 cell lines whereas
B, C and D). B; Demonstrates the PDGF–PDGFR interactions.
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PDGF-B was expressed in only 5 of the 11 cell lines. It was thus
realized that PDGF-D and PDGFR-β might be the player of a novel
autocrine loop that does not involve PDGF-B. These results suggest
that PDGF-D can activate PDGFR-β and influence the aggressiveness of
tumors without the involvement of classical PDGFR-β ligand PDGF-B.

In an earlier study [14], PDGF-D mRNA transcript was detected in
many ovarian, lung, renal and brain cancer-derived cell lines. Further,
a direct comparison between PDGF-B, PDGF-D and PDGFR-β in central
nervous system-derived cancer cell lines in this study revealed that
PDGF-D is expressed in 10 of 17 cell lines, PDGF-B in only 7 and
PDGFR-β can be detected in 9 of those 17 cell lines. A total of five cell
lines expressed only PDGF-D while there were only two cell lines that
expressed only PDGF-B. Interestingly, PDGFR-β was detected in all of
these 7 cell lines. These observations seem to suggest that a) PDGF-D
might be a better molecular marker for aggressiveness than PDGF-B,
and b) PDGF-D signaling can function independent of PDGF-B even
though both activate PDGFR-β. Clearly, more investigations are
needed to spell out the differences between PDGF-B and PDGF-D
signaling pathways.

Based on these few preliminary reports, a consensus seem to
emerge which suggest that PDGF-D might play a definitive role in
human cancers through independent regulation of cellular signaling
pathways. The other PDGF family members, particularly PDGF-A and
PDGF-B, have been studied and reviewed in considerable detail [15–
24] and because of that reason, we specifically focused our discussion
on PDGF-D, the latest member of this family, for thus review article.
Therefore, in the subsequent paragraphs we are presenting the
biological functions of PDGF-D in human malignancies.

3. The role of PDGF-D in cancer

Since PDGF-A and PDGF-B has been well documented and
characterized; however their roles in human cancers are questionable,
thus we will not discuss their roles in cancer progression in this
article. In spite of the discovery of PDGF-D over 10 years ago, the role
of PDGF-D is just beginning to be understood. The growing body of
literature strongly suggests that PDGF-D may function as a key player
in the development and progression of human cancers by regulating
the processes of cell proliferation, apoptosis, migration, invasion,
angiogenesis, and metastasis. It has been reported that PDGF-D
signaling is frequently deregulated in human malignancies with up-
regulated expression of PDGF-D was found in prostate, lung, renal,
ovarian, brain, and pancreatic cancer [7,8,12,25–27]. Ustach et al.
found that human prostate carcinoma LNCaP cells are capable of
processing full-length PDGF-D into a biologically active PDGF form
which binds and activate its cognate PDGFR-β. Moreover, PDGF-D
expression greatly accelerates the tumor growth and enhances
prostate carcinoma cell interaction with the surrounding stromal
layers in a severe combined immunodeficient (SCID) mouse model,
suggesting the potential oncogenic activity of PDGF-D in human
prostate cancer progression [25]. Pancreatic cancer like many other
tumors has been shown to over-express the PDGF-D. We found that
PDGF-D is highly expressed in human pancreatic adenocarcinoma
specimens, in chronic pancreatitis associated with pancreatic adeno-
carcinoma, and in different human pancreatic cancer cell lines,
suggesting that PDGF-D could be important in human pancreatic
cancer progression [8]. Moreover, Xu et al. reported that PDGF-D over-
production in renal cancer SN12-C cells increased the proliferation
andmigration of cells in vitro and improved perivascular cell coverage
in vivo [27]. Furthermore, blocking PDGF-D/PDGFR signaling inhibited
survival and mitogenic pathways in the glioblastoma cell lines and
prevented glioma formation in a nude mouse xenograft model [12].

The molecular mechanism(s) by which PDGF-D signaling induces
tumor growth has not been fully elucidated. However, multiple
oncogenic pathways, such as urokinase-type plasminogen activator
(uPA), reactive oxygen species (ROS), proinflammatory cytokine
interleukin-1β (IL-1β), phosphatidylinositol 3-kinase (PI3K)/Akt, NF-
κB, Notch, ERK, mammalian target of rapamycin (mTOR), mitogen-
activated protein kinase (MAPK), vascular endothelial growth factor
(VEGF), matrix metalloproteinases (MMPs), Cyclin D1, and Bcl-2
signaling have been reported to crosstalk with PDGF-D pathway, and
thus it is believed that the crosstalk between PDGF-D and other
signaling pathways plays important roles in tumor aggressiveness.
Here, we will discuss the recent advances in our understanding on the
role of PDGF-D in tumor progression. In this review, we will
summarize the results of emerging studies on the PDGF-D signaling
pathway, including the upstream regulators and the downstream
effectors of the PDGF-D pathway, as well as its implication in human
cancers. In addition, we sincerely apologize to those authors whose
work could not be cited in this article because of space limitation.

4. Upstream regulators of PDGF-D

In recent years, studies on PDGF-D and cancer have burst onto the
scene; however, the upstream regulators of PDGF-D in human cancer
progression are largely unknown. The promoters for PDGF-A, PDGF-B as
well as PDGF-C have been studied and our understanding of the
mechanism of gene regulation of these three PDGFs ismuchmore robust
than that of PDGF-D [9]. Khachigian et al. have reported gene promoter
studies for all the PDGFs. Their studieswith PDGF-A andPDGF-C revealed
the involvement of transcription factors Egr1 and Sp1 [28,29]. Egr1 was
also found to interactwith a novel element in PDGF-B promoter [30]. The
investigations of this research group on the latest PDGFmember, PDGF-D
have identified Ets-1 and Sp1 as the transcription factors that regulates
the expression of PDGF-D [31–33]. Clearly there has been a renewed
interest to fully understand thegene regulationof PDGF-D. Also, available
data points to differential regulation of PDGF-D gene compared to the
other PDGF isoforms, thus pointing to the unique identity of PDGF-D
among this family of growth factors.

In addition to transcription factors Ets-1 and Sp1, other factors
such as uPA, H2O2, and IL-1β have also been reported to regulate the
expression of PDGF-D signaling through different mechanisms
[26,31,33]. H2O2 activates PDGF-D transcription and translation,
whereas uPA is capable of processing recombinant latent PDGF-D
into the active form through removal of the CUB domain. IL-1β
suppresses PDGF-D promoter activity and mRNA and protein
expression. The mechanisms by which these three upstream genes
regulate PDGF-D are discussed in the following paragraphs.

4.1. Urokinase plasminogen activator (uPA) and its role in PDGF-D signaling

The urokinase plasminogen activator (uPA) system is a serine
protease family comprising of urokinase-type plasminogen activator
(uPA), plasminogen activator inhibitors (PAI's), tissue-type plasmin-
ogen activator (tPA) and the uPA receptor (uPAR) [34]. It is well
known that urokinase plasminogen system plays important roles in
cell migration, angiogenesis, invasion and metastasis, and thus the
spread of primary tumors to distant organs is in part associated uPA
system, which correlate with poor prognosis, resulting in high
mortality [35]. It has been reported that PDGF-D is activated by uPA
[26]. We have indicated earlier that PDGF-DD is secreted as full-
length, latent dimers, and the proteolytic cleavage of the CUB domain
is required for the COOH-terminal growth factor domain to activate
the PDGF receptor. Ustach et al. found that uPA is capable of
processing recombinant latent PDGF-D into the active form through
removal of the CUB domain. The uPA cleavage site resides at the R247/
R249 within the hinge region between the CUB and the growth factor
domains. Interestingly, closely related protease tPA did not activate
the PDGF-D [26]. Prostate cancer cells PC-3 and LNCaP can auto-
activate latent full-length PDGF-D into its biologically active form
under serum-independent conditions. However, this auto-activation
is inhibited by PAI-1, an uPA/tPA inhibitor, and the serine protease
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inhibitor aprotinin. Very interestingly, uPA activates PDGF-D, which in
turn regulates uPA expression and activity [26]. This evidence
suggests that there is a direct link between uPA and PDGF-D-mediated
cell signaling; however, the molecular mechanism of this feedback
signaling loop is still unclear.

4.2. The role of reactive oxygen species (ROS) in PDGF-D signaling

Reactive oxygen species (ROS), continuously generated from
mitochondrial respiratory chain, includes hydrogen peroxide
(H2O2), superoxide radical (O2

−), hydroxyl radical (.OH) and singlet
oxygen [36]. In eukaryotic cells, the most significant intracellular
sources of ROS are the mitochondrial respiratory chain, microsomal
cytochrome P450 enzymes, flavoprotein oxidases, and peroxisomal
fatty acid metabolism. Mammalian cells possesses an efficient
antioxidant defense system, such as glutathione peroxidase (GPx),
superoxide dismutase (SOD), glutathione S-transferase (GST), cata-
lase and peroxidases, and glutathione (GSH), which can scavenge the
excessive ROS produced through cellular metabolism, and thus these
antioxidant mechanisms when functioning correctly will make ROS
level relatively stable under physiological conditions in order to
maintain cellular homeostasis [37]. However, inefficient antioxidant
mechanisms and/or over-production of ROS will lead to chronic
diseases. It has been documented that when the intracellular
homeostatic mechanism fails then the overproduced ROS could
cause cellular oxidative stress, where DNA, lipids, proteins and other
cellular components are oxidatively damaged. DNA damage induced
by ROS is sufficient to convert normal cells to malignant cells [36];
therefore, aberrant ROS signaling has profound consequence in
inducing human malignancies.

It has been reported that ROS is a signaling stimuli that is critical in
mediating several cellular functions including tissue homeostasis and
adaptation. A specific role of ROS in PDGF signaling has been
suggested documenting that increased levels of ROS could lead to
tyrosine phosphorylation of many proteins including the PDGF
receptors [38,39]. PDGFR-β has been suggested to influence prolifer-
ation and migration [40] and chemotaxis [41] through an ROS-
dependent pathway. Among the PDGF family, the involvement of ROS
has been shown to influence PDGF-A, PDGF-B, and PDGF-D signaling
pathways [31]. Liu et al. found that basal and inducible PDGF-D
transcription is regulated by the winged helix-turn-helix factor and
prototypic Ets family member, Ets-1 present in the PDGF-D promoter.
Moreover, they found that H2O2 activates PDGF-D transcription at
nanomolar concentration, and H2O2 also stimulates Ets-1 expression
thereby linking ROS, regulation of Ets-1 and the regulation of PDGF-D
transcription. Moreover, these authors have also demonstrated that
angiotensin II, a well known factor that stimulate the production of
ROS from NAPDH oxidase, could induce Ets-1 and PDGF-D expression
via the endogenous generation of H2O2 [31], suggesting the
importance of ROS in the regulation of Ets-1 and PDGF-D. Emerging
evidence suggests that activation of PDGF receptors can be accom-
plished by factors other than PDGFs as well [1] and ROS seem to be
crucial for this phenomenon [39]. Further research toward explora-
tion of the molecular mechanisms by which ROS regulates PDGF-D
requires in-depth investigations.

4.3. The role of interleukin-1β in the regulation of PDGF-D signaling

A growing body of evidence has shown that numerous cytokine
polymorphisms are associated with increased risk of inflammatory
diseases and cancer. Key proinflammatory cytokines include IL-1, -6,
-8, -12 and -18, TNF-α and macrophage MIF (migration inhibitory
factor). Anti-inflammatory cytokines include IL-4 and -10, IFN
(interferon)-α and -β [42]. These cytokines have been linked to
many immune reactions, including the recruitment of inflammatory
cells to the site of infection. Moreover, the proinflammatory cytokines
are known to activate critical transcription factors such as NF-κB, AP-
1, STAT1 and STAT3, all of which have been implicated in
inflammation mediated development of tumors depending on cell
types [42]. In pancreatic cancer, autocrine production of IL-1β has
been reported to promote growth and conferring chemo-resistance to
conventional therapeutic agents. Recently, the crosstalk between IL-
1β and PDGF-D has been demonstrated. Li et al. reported that IL-1β
could abolish the cell migration and proliferation induced by PDGF-D
[43]. Moreover, Liu et al. reported that IL-1β suppresses PDGF-D
promoter activity and mRNA and protein expression in a time-and
dose-dependent manner [33]. IL-1β induced NF-κB p65 and interfer-
on regulatory factor-1 (IRF-1) have been reported to bind to different
elements in the PDGF-D promoter, leading to the inhibition of PDGF-D
transcription. Furthermore, PDGF-D repression by IL-1β was reported
to be mediated via histone deacetylation and interaction of histone
deacetylase (HDAC)-1 with IRF-1 and p65 [33], suggesting that IL-1β
inhibition of PDGF-D expression through IRF-1/p65/HDAC-1 may
represent a negative regulatory mechanism, which could be a novel
target for the inactivation of PDGF-D signaling.

5. Downstream effectors of PDGF-D signaling

PDGF-D regulates many cellular processes, including cell prolifer-
ation, transformation, invasion, and angiogenesis by specifically
binding to and activating its cognate receptor PDGFR-β. Specifically,
PDGF-D interacts with PDGFR-β and activates multiple downstream
oncogenic pathways, resulting in tumor development and progres-
sion. For example, PDGF-D promotes cancer cell survival and growth
through PI3K/Akt, mTOR, NF-κB, ERK, MAPK, and Notch pathway.
PDGF-D increases cancer cell invasion, angiogenesis, and metastasis
via up-regulation of VEGF, MMP, miRNA, E-cadherin, and snail
expression. Here, we discuss the recent advances in the understand-
ing on the role of PDGF-D in tumor progression.

5.1. Regulation of cell survival and growth

5.1.1. Phosphatidylinositol 3-kinase (PI3K)/Akt signaling and its
crosstalks with PDGF-D signaling

PDGF-D has been reported to crosstalk with PI3K/Akt, which is an
evolutionarily conserved serine/threonine kinase [7,44]. It is well
accepted that crosstalk means that one signal will affect another
neighboring signal pathway. Akt (also known as protein kinase B) is
one of the major cell growth and apoptosis regulatory pathways.
There are three isoforms of Akt such as Akt 1, Akt 2 and Akt 3, which
are encoded by the genes PKBα, PKBβ and PKBγ in mammals,
respectively. Akt is activated by phosphorylation at Thr308 by 3-
phosphoinositide-dependent protein kinase 1 (PDK1), and also by
phosphorylation within the C-terminus at Ser473 by PDK2 [45]. PI3K
activates Akt, which transmits signals from cytokines, growth factors,
and oncoproteins tomultiple targets. Activated Akt could promote cell
survival by inhibiting apoptosis through inactivation of several pro-
apoptotic factors including Bcl-xL/Bcl-2-Associated Death (BAD),
Forkhead transcription factors and caspase-9 [45].

Recently, PDGF-D has been shown to crosstalk with the PI3K/Akt
pathway. It has been reported that the PDGF signaling pathways could
be evaluated by detection of Tyr residue autophosphorylation of
PDGF-activated PDGFR, and phospho-Akt of PI3K after PDGF-D
treatment. The results suggest that PDGF-D is important to induce
PDGFR-β autophosphorylation, and phosphorylation of Akt [44].
Ammoun et al. also reported that PDGF-D activated PDGFR-β and p-
Akt in human Schwannoma cells [46]. Blocking PDGFR signaling using
CT52923, a potent selective small molecule piperazinyl quinazoline
kinase inhibitor of the PDGFR, also inhibited the phospho-Akt in
glioblastoma cell lines [12]. Interestingly, we found that the total Akt
expression was up-regulated in PDGF-D over-expressing PC3 (PC-3
PDGF-D) cells while p-Akt was reduced in PC-3 PDGF-D cells.
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Moreover, LY294002, a PI3K inhibitor, reversed the rapamycin (a
mTOR inhibitor)-induced activation of Akt in PC3 PDGF-D cells,
suggesting that prolonged exposure of cells to PDGF-D activates the
mTOR pathway, which, in turn, represses Akt activity in PC3 PDGF-D
cells through a PI3K-dependent manner [7]. These results suggest that
prolonged exposure of cells to PDGF-D leads to hyperactivation of
mTOR, which is responsible for inactivation of Akt [7]. Further
research toward exploration of the molecular mechanisms by which
PDGF-D regulates PI3K/Akt requires immediate attention.

5.1.2. Mammalian target of rapamycin signaling and its role in the
regulation of PDGF-D

The mTOR pathway has been reported to crosstalk with the PDGF-D
pathway [7]. mTOR regulates translation rates and cell proliferation
mainly by phosphorylating twomajor targets, the ribosomal protein S6
kinases (S6K1 and S6K2) and the eukaryotic translation initiation factor
4E (eIF4E)-binding protein 1 (4E-BP1). S6K1 directly phosphorylates
the 40S ribosomal protein S6, and then promotes ribosome biogenesis.
4E-BP1 is released from eIF4E after phosphorylation, allowing eIF4E to
assemble with other translation initiation factors to initiate cap-
dependent translation [45]. mTOR exists in two distinct complexes
(mTORC1 and mTORC2): mTORC1 consists of mTOR, G-protein β-
subunit-like protein (GβL), raptor and proline-rich Akt substrate of
40 kDa (PRAS40) protein, whereasmTORC2 contains mTOR, GβL, rictor
and stress-activated protein kinase interacting protein 1 (SIN1). The
raptor-containing complex is sensitive to rapamycin and regulates cell
proliferation throughphosphorylating S6K and4E-BP1,while the rictor-
containing complex is not sensitive to rapamycin [47].

Recently, the mTOR protein kinase has emerged as a critical player
for controlling many cellular processes, such as cell growth and
migration, by receiving stimulatory signals from PDGF-D. We have
found that prostate cancer PC3 cells transfected with PDGF-D exhibit a
rapid growth rate and increased invasion in vitro, whichwere associated
with a high level of mTOR activity [7]. Specifically, PDGF-D markedly
increased the levels of p-mTOR, p-4E-BP1, and p-S6K in prostate cancer
cells. Moreover, we found that rapamycin increased phosphorylation of
Akt in PC3 PDGF-D cells [7], suggesting that inactivation of Akt is
attributed to a negative feedback regulation mediated by the mTOR
pathway.However, themolecularmechanism(s) bywhichPDGF-Dmay
be involved in the regulation of mTOR pathway or vice versa remains to
be elucidated.

5.1.3. Nuclear factor-κB signaling and its role in PDGF-D signaling
Recently, several studies have shown that PDGF-D regulates the

NF-κB pathway [8]. NF-κB plays important roles in the control of cell
growth, differentiation, apoptosis and stress response. Without
stimulation, NF-κB is sequestered in the cytoplasm through tight
association with the specific inhibitory proteins IκB. Many stimuli can
activate NF-κB, which leads to IKK (IκB kinase)-dependent phosphor-
ylation and subsequent proteasome-mediated degradation of IκB
proteins. Activated NF-κB, migrates into the nucleus and binds to the
NF-κB-specific DNA-binding sites or interact with other transcription
factors, and thus regulates gene transcription, including cytokines,
chemokines, and anti-apoptotic factors [48]. A key regulatory step in
the NF-κB pathway is the activation of IKK complex in which catalysis
is thought to be via kinases, including IKKα and IKKβ, which directly
phosphorylate IκB proteins. It has been reported that the interplay
between the NF-κB and PDGF-D is biologically important. For
example, we found that over-expression of PDGF-D in prostate cancer
cells increased NF-κB DNA-binding activity [6]. Moreover, studies
from our lab also showed that the down-regulation of PDGF-D in
pancreatic cancer cells leads to the inactivation of NF-κB DNA-binding
activity and, in turn, down-regulates the expression of its target genes,
such as MMP-9 and VEGF [8]. Recently, we also found that down-
regulation of PDGF-D in breast cancer cells inhibited the NF-κB DNA-
binding activity (unpublished data). Further in-depth studies are
needed to ascertain the precise molecular regulation of PDGF-D and
NF-κB, and their crosstalks for elucidating the role of PDGF-D in cell
growth, invasion and angiogenesis of cancer cells.
5.1.4. Notch signaling and its crosstalks with PDGF-D signaling
To date, in mammals, the Notch family of trans-membrane re-

ceptors consists of four members: Notch-1–4. Mammals also express
Notch ligands and five such members have been found: Dll-1 (Delta-
like 1), Dll-3 (Delta-like 3), Dll-4 (Delta-like 4), Jagged-1 and Jagged-2
[49]. Although these four Notch receptors show subtle differences in
their extracellular and cytoplasmic domains, they are very similar. The
extracellular domain of Notch possesses EGF-like repeats, which
participate in ligand binding. The amino-terminal EGF-like repeats are
followed by cysteine-rich Notch Lin12 repeats (N/Lin12) that prevent
signaling in the absence of the ligand. The cytoplasmic region of Notch
conveys the signal to the nucleus; it contains a RBP-J (Recombination
Signal-Binding Protein 1 for J-kappa)-association molecule (RAM)
domain, ankyrin repeats, TAD (trans-activation domain), NLS (nuclear
localization signals) and a region rich in PEST (proline, glutamine,
serine and threonine residues) sequence [50–52]. Notch signaling is
initiated when Notch ligand binds to an adjacent Notch receptor
between two neighboring cells. Upon activation, Notch is cleaved,
releasing the intracellular domain of the Notch (ICN) which occurs
through a cascade of proteolytic cleavages by the metalloprotease
tumor necrosis factor-α-converting enzyme (TACE) and γ-secretase
complex (comprised of presenilin-1/2, nicastrin, Pen-2, and Aph-1),
resulting in the translocation of ICN into the nucleus for transcrip-
tional activation of Notch target genes [53].

The growing body of literature strongly suggests the crosstalk
between PDGF-D signaling and Notch pathway in cancer. We found
that down-regulation of PDGF-D leads to the inactivation of Notch-1
in pancreatic cancer cells [8]. Therefore, the inactivation of PDGF-D-
mediated cell invasion and angiogenesis could in part be due to
inactivation of Notch-1 activity [8]. Moreover, we found that down-
regulation of PDGF-D inhibited the Notch-1 expression in breast
cancer cells (unpublished data). Recently, we reported that PDGF-D
signaling contributes to epithelial to mesenchymal (EMT) phenotype
which regulates cancer cell invasion and angiogenesis [6]. We also
found that the expression of both mRNA and protein levels of Notch
1–4, Dll-1, Dll-3, Dll-4, Jagged-2 as well as Notch downstream targets,
such as Hes and Hey, were significantly higher in PC3 PDGF-D cells
(unpublished data). More importantly, we found that Notch-1 could
be one of many miR-200b targets because over-expression of miR-
200b significantly inhibited Notch-1 expression (unpublished data).
However, how the miR-200b regulates Notch gene expression will
certainly require further in-depth investigations.
5.1.5. Mitogen-activated protein kinase (MAPK) in relation to PDGF-D
signaling

The MAPK has been known to play critical roles in controlling the
balance between cell survival and apoptosis. A variety of cellular
stimuli can activate theMAPK cascade, leading to the regulation of cell
growth and apoptosis. It has been reported that MAPK pathway
consists of three-tiered kinase core where a MAP3K activates MAP2K
that in turn activates MAPK, resulting in the regulation of cell growth,
and cell survival [54]. It has been well documented that activation of
MAPK are also linked with cancer invasion, angiogenesis, and
metastasis. Recent evidences suggest that PDGF-D is an effector of
MAPK signaling. PDGF-D induced PDGFR-β autophosphorylation, and
phosphorylation of JNK, p38 MAPK [44]. Blocking PDGFR signaling
using PDGFR inhibitor CT52923 also inhibited the phospho-MAPK in
glioblastoma cell lines [12]. However, more studies are required to
understand how PDGF-D regulates MAPK signaling pathway in
human malignancies.
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5.1.6. Extracellular signal-regulated kinase (ERK) and its role in PDGF-D
signaling

ERK activities were found to be up-regulated in many human
tumors, and higher activity in tumors was associated with a poor
prognosis, suggesting the crucial role of ERK in tumor progression
[55]. ERK family has ERK1 and ERK2, which are members of the MAPK
super family that can mediate cell proliferation and could regulate
apoptosis. It has been well documented that multiple phosphatases
(such as MAPK phosphatases) inactivate ERKs, suggesting that the
duration and extent of ERK activation is tightly controlled by
maintaining the balanced activities of (MAPK/ERK) kinase MEKs
and respective phosphatases [56]. Recently, it has been found that
PDGF-D can activate the ERK, suggesting that ERK is a major PDGF-D
effector [44,46]. Ammoun et al. reported that PDGF-D activates
PDGFR-β and ERK1/2 in human Schwannoma cells. PDGF-D promoted
schwannoma cell proliferation, while inhibition of MAPK/ERK kinase
1/2 (MEK1/2) decreased PDGF-D-mediated proliferation, suggesting
that ERK1/2 pathway is involved in this process [46]. Very
interestingly, PDGF-D has different pathways to activate ERK1/2
that is localized to different intracellular compartments. The p-ERK1/
2 pathway at 42/44 kDa (cytosol) uses PI3K-PKC-Src-c-Raf-depen-
dent pathway and crosstalk with Akt at the level of PI3K, whereas
PDGF-DD-mediated ERK1/2 activation at the 300-kDa level engages
c-Raf, PKC, src, and PAK and localizes to the different cellular
compartments than active ERK1/2 42/44 kDa [46]. These results
suggest cooperation between PI3K, PKC, and Src in PDGF-D-mediated
ERK1/2 activation. These results also suggest that a combined therapy
targeting different pathways including PDGF-D pathway might be
appropriate for treating schwannoma. The results from our laboratory
also showed that condition medium form PC3-PDGF-D and LNCaP-
PDGF-D, but not PC3 and LNCaP cells, induced an increase in ERK1/2
activation in NIH 3T3 cells, indicating that PDGF-D can regulate the
ERK activation [26]. However, it remains to be determined how PDGF-
D regulates the ERK activation in human cancers and whether
inhibition of both PDGF-D and ERK signaling could be superior than
targeting only PDGF-D or ERK in killing cancer cells.

5.2. Regulation of epithelial–mesenchymal transition

5.2.1. E-cadherin and Snail expression and their role in PDGF-D signaling
In recent years, PDGF-D has been found to play important roles in

the acquisition of epithelial–mesenchymal transition (EMT) pheno-
type of cancer cell [6,57]. It is nowwidely accepted that epithelial cells
can convert into mesenchymal cells by a fundamental process that is
defined as EMT. Epithelial cells undergo remarkable morphologic
changes from epithelial cobblestone phenotype to elongated fibro-
blastic phenotype (mesenchymal phenotype) and during the acqui-
sition of EMT characteristics, cells lose epithelial cell–cell junction,
actin cytoskeleton reorganization and the expression of proteins that
promote cell–cell contact such as E-cadherin and γ-catenin [58]. Cells
gain the expression of mesenchymal markers such as vimentin, α-
smooth muscle actin (SMA), fibronectin, fibrillar collagen (types I and
III), fibroblast-specific protein-1 and N-cadherin. EMT-type cells also
showed increased activity of matrix metalloproteinases (MMPs) like
MMP-2, MMP-3 and MMP-9, leading to increased migration and
invasion [58]. A number of factors, including the zinc finger Snail
homologues (Snail1, Snail2/Slug, and Snail3) and several basic helix-
loop-helix factors such as Twist, zinc finger E-box binding homeobox
1 (ZEB1), ZEB2/SIP1, and TCF3/E47/E12, have emerged as potent
EMT drivers during normal development and cancer [58], suggesting
that these molecules are important regulator of EMT.

During the acquisition of EMT phenotype, the E-cadherin down-
regulation is the crucial step in reducing cell–cell adhesion, leading to
destabilization of the epithelial architecture. Indeed, we found that
over-expression of PDGF-D in prostate cancer cells resulted in a
significant induction of EMT concomitant with the loss of E-cadherin
[6]. We also found that the treatment of PC-3 prostate cancer cells
with epithelial characteristics by purified PDGF-D protein resulted in a
significantly decreased expression of E-cadherin at both the mRNA
and protein levels [57]. It is known that a central role in E-cadherin
gene repression is attributed to the Snail that is activated and triggers
EMT. Snail binds to the two E-boxes of human E-cadherin promoter
and then function as a repressor of E-cadherin gene. Snail is activated
by most of the signaling pathways that are known to trigger EMT
phenotype. As expected, PDGF-D was found to promote EMT through
Snail because we found that the treatment of PC-3 prostate cancer
cells (epithelial-like cells) by purified PDGF-D protein resulted in
increased expression of Snail2 associated with induction of EMT
characteristics. Moreover, Snail2 expression was dramatically up-
regulated in PC3 PDGF-D cells, indicating that PDGF-D triggers EMT
phenotype, which occurs in part through up-regulation of Snail2 [57].
It is important to note that PDGF-D also significantly increased the
expression of ZEB1, ZEB2, N-cadherin, and vimentin [57], with con-
comitant loss of E-cadherin; however, further in-depth mechanistic
studies are required forunderstandinghowPDGF-D regulates E-cadherin
and the processes of EMT phenotype.

5.2.2. The regulatory role of microRNAs (miRNAs) with respect to PDGF-D
signaling

In recentyears, PDGF-Dhasbeen found to crosstalkwithmiRNA[57].
It has been well documented that miRNAs work as integral players in
cancer biology. The miRNAs elicit their regulatory effects in post-
transcriptional regulation by binding to the 3′ untranslated region (3′
UTR) of target messenger RNA (mRNA) [59]. Either perfect or near
perfect complimentary base pairing results in the degradation of the
mRNA, while partial base pairing leads to translational inhibition of
functional proteins. It is known that miRNAs are key players in human
cancer because miRNAs are involved in the biological processes of cell
proliferation and apoptosis, which are critically involved in the
development and progression of human malignancies [60,61]. Recent
studies also suggest thatmiRNAs could have diagnostic, prognostic, and
therapeutic value [62]. Although, studies elucidating the role of miRNAs
in cancer have exploded in recent years, it is still not clear how specific
miRNA is regulated and what specific genes are the real targets of
specific miRNA in tumor progression. Once that becomes clear then
strategies to inactivate of active specific miRNA would become newer
targeted approaches for the prevention of tumor progression and/or
treatment of most human malignancies.

Recently, PDGF-D has been reported to crosstalk with miRNA-200
[57]. The microRNA-200 family has five members: miR-200a, miR-
200b, miR-200c, miR-141 and miR-429. Recently many studies have
shown that the miR-200 family regulates EMT by targeting ZEB1 and
ZEB2 [63,64]. We found that the treatment of cells with purified
PDGF-D protein resulted in significant repression of the expression of
miR-200a, miR-200b, andmiR-200c. Moreover, we found that PDGF-D
over-expression led to the acquisition of EMT phenotype in PC-3
prostate cells consistent with the loss of miR-200 expression, and that
the re-expression of miR-200b in PC3 PDGF-D cells led to the reversal
of the EMT phenotype, which was associated with the down-
regulation of ZEB1, ZEB2, and Snail2 expression [57]. Moreover,
transfection of PC3 PDGF-D cells with miR-200b inhibited cell
migration and invasion with concomitant repression of cell adhesion
to the culture surface and cell detachment, suggesting that PDGF-D is
indeed responsible for the induction of the EMT phenotype in PC3
cells, which is in part mediated via down-regulation of miR-200
expression, and the regulation of its target genes [57]. Furthermore,
we also found that PDGF-D triggers the EMT partly through down-
regulation of let-7 in prostate cancer cells (unpublished data). Clearly,
specific role of selected miRNA in PDGF-D signaling pathway has
begun to be explored, and therefore further studies are needed in
elucidating the role of specific miRNA in the regulation of PDGF-D
mediated signaling pathway.
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5.3. Regulation of cell invasion, angiogenesis, and metastasis

5.3.1. The role of matrix metalloproteinases (MMPs) in PDGF-D signaling
Tumor metastasis occurs through several steps requiring cell

migration, invasion, degradation of basement membranes and the
stromal extracellular matrix, ultimately leading to tumor cell metastasis,
which is accomplished by many proteolytic enzymes including MMPs.
The MMPs are a family of related enzymes which are capable of
degrading extracellular matrix, and this process is crucial during tumor
cell invasion, angiogenesis and metastasis. MMPs have also been
implicated in the acquisition of EMT, a “hallmark” of tumor progression
andmetastasis. Evidence is emerging showing thatmembers of theMMP
family can serve not only as potential markers for diagnosis, prognosis,
and early detection, but also as indicators of tumor recurrence,metastatic
spread, and response to therapy for human cancers [65]. Among these
MMPs, MMP-9 and MMP-2 have been found to be important factors in
facilitating invasion and metastases in human cancers because they are
directly linked with angiogenesis and degradation of the basement
membrane collagen [65].

It has been reported that MMP-9 expression is regulated by PDGF-D
in several kinds of human cancers. Xu et al. found that over-expression
of PDGF-D in renal cancer SN12-C cells promoted tumor growth,
angiogenesis andmetastasis due to increased expression ofMMP-9 and
angiopoietin-1 in an orthotopic mouse model [27]. We also found that
down-regulation of PDGF-D in pancreatic cancer cells leads to the
inhibition ofMMP-9 expression andMMP-9 activation [8]. Recently, we
found that down-regulation of PDGF-D also decreased the expression of
MMP-9 in breast cancer cells (unpublisheddata).More recently, Zhao et
al. reported that inhibition of PDGF-D leads to decreased cell invasion
and angiogenesis in gastric cancer through MMP-9 and MMP-2 [66]. In
order to better understand the precise role of PDGF-D and its
interrelationship with MMPs requires in-depth investigation.

5.3.2. Vascular endothelial cell growth factor (VEGF) and its relationship
with PDGF-D signaling

Studies have shown that VEGF is very crucial for the induction of
angiogenic processes because VEGF regulates most of the steps in the
angiogenesis including migration, invasion, and tube formation of
endothelial cells. In addition, studies have shown a trend towards an
associationbetween theexpressionofVEGF andmigration, invasion and
distantmetastasis [67]. It has been reported that PDGF-D regulates VEGF
Fig. 2. Diagram of PDGF-D crosstalks with other pathways. ERK: extracellular signal-regula
protein kinase; MMPs: matrix metalloproteinases; mTOR: mammalian target of rapamycin
species; uPA: urokinase-type plasminogen activator; VEGF: vascular endothelial growth fac
signaling in various cancer cell types. Li et al. found that PDGF-D is a
potent transforming growth factor for NIH/3T3 cells, and the trans-
formed cells displayed increased proliferation rate, induced tumors in
nude mice, and up-regulated VEGF [68]. We also found that down-
regulation of PDGF-D in pancreatic cancer cells led to the inhibition of
VEGF secretion [8]. Moreover, conditioned medium from PDGF-D
siRNA-transfected cells showed reduced levels of VEGF, resulting in
the inhibitionof angiogenesiswhichwas assessed by the tube formation
of human umbilical vein endothelial cells (HUVECs), suggesting that
down-regulation of PDGF-D is responsible for the inhibition of
angiogenesis [8]. In contrast, condition medium from PDGF-D over-
expressing PC3 cells induced tube formation of HUVECs [6]. Very
recently, Zhao et al. found that inhibition of PDGF-D leads to decreased
cell invasion and angiogenesis in gastric cancer partly through the
regulation of VEGF [66]. However, the molecular mechanism(s) by
which VEGF is regulated by PDGF-D or vice versa is poorly understood,
and thus in-depth investigation in this area is urgently needed.

5.3.3. The crosstalks of other effectors in the regulation of PDGF-D
Several recent studies have shown that PDGF-D regulates many

other effectors, such as Bcl-2, Cyclin D1, and β-catenin, which have
not been discussed above. For example, we found a dramatic increase
in the levels of Bcl-2 expression in PDGF-D over-expressing prostate
cancer cells, and the regulation of Bcl-2 expression by PDGF-D was
shown to play an important role in PDGF-D-mediated acquisition of
EMT [6,7]. Conversely, the down-regulation of PDGF-D was able to
decrease the expression of Bcl-2 in pancreatic cancer cell [8]. In
addition, we found that PDGF-D can up-regulate the expression of
poly(ADPribose) polymerase-1 (PARP-1) in prostate cancer cells [6].
Further studies by Zhao et al. have shown that down-regulation of
PDGF-D inhibited Cyclin D1 and β-catenin in gastric cancer [66], and
similar results were reported in pancreatic and prostate cancer [8,57].
Since PDGF-D signaling is an emerging area of research in multiple
human malignancies, there is no doubt that we will be witnessing the
role of additional effectors of PDGF-D signaling in years to come.

6. Conclusion and overall perspectives

Given the importance of PDGF-D in tumor cell growth, migration,
invasion, angiogenesis and metastasis and its crosstalks with many
signalingpathways in humanmalignancies (Fig. 2), significant attention
ted kinase; IL-1β: proinflammatory cytokine interleukin-1β; MAPK: mitogen-activated
; NF-κB: nuclear factor-κB; PI3K: phosphatidylinositol 3-kinase; ROS: reactive oxygen
tor. EMT: epithelial–mesenchymal transition.
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has been paid in recent past toward the development of clinically useful
antagonists of PDGF signaling. PDGF-D displays an oncogenic activity
specifically through binding to and activating its cognate receptor
PDGFR-β, suggesting that the inactivation of PDGF-D/PDGFR signaling
by novel approaches is likely to have a significant impact in cancer
therapy. Several smallmolecule tyrosine kinase inhibitors that block the
PDGF receptor have been developed. For example, CT52923, one of
PDGFRantagonists, inhibited survival and/ormitogenic pathways in the
glioblastomacell lines and prevented glioma formation in a nudemouse
xenograft model [12]. Imatinib (STI571 or Gleveec), which is a selective
tyrosine kinase inhibitor especially for the inhibition of PDGFR, inhibited
the cell growth and invasion in human breast cancer cell lines [69]. The
combination of imatinib with chemotherapeutic agent paclitaxel or
gemcitabine led to a further tumor growth inhibition in prostate cancer
and malignant mesothelioma, suggesting that imatinib enhances the
therapeutic response to chemotherapeutic agents [70,71]. CR002, a
humanizedmonoclonal PDGF-D antibody, has been shown to be safe in
a phase I study, and CR002was able to reduce glomerular and secondary
tubulointerstitial damage [72]; however, CR002 has not yet been tried
for its effects in human cancer.

To our knowledge, there is no report regarding the small chemical
inhibitors of PDGF-D but we are confident that such search must be an
active area of research. Interestingly, we found that 3,3′-Diindolyl-
methane (DIM, a well known chemopreventive agent) significantly
inhibited the expression and activation of PDGF-D in prostate cancer
cells [7]. Our results suggest thatDIM could serve as a novel and efficient
chemopreventive and/or therapeutic agent by inactivationof PDGF-D in
prostate cancer cells especially because DIM was found to be non-toxic
in most human studies. We and other investigators have demonstrated
that increasedexpressionof PDGF-Dand its receptor is detected inmany
human cancer cells and tissues. More importantly, PDGF-D plays
important roles in almost all aspects of cancer biology, such as
proliferation, apoptosis, migration, invasion, angiogenesis and metas-
tasis; however, further in-depth studies including mechanistic in vitro
studies and in vivo animal experiments are needed to fully understand
and appreciate the roles of PDGF-D in tumor progression. We believe
that this article would be able to stimulate or promote further research
in this field toward the development of novel approaches by which
PDGF-D signaling could be targeted for the inhibition of tumor
progression and/or therapy for most human malignancies.
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encode single-pass transmembrane proteins which can be activated
by interacting with a family of its ligands. To date, four Notch
receptors have been identified in mammals, including human, such as
Notch-1-4. The mammalian canonical ligands are designated as either
Delta-like (Delta-like 1, Delta-like 3, and Delta-like 4) or Serrate-like
ligands, known as Jagged-1 and Jagged-2 [2]. All four Notch receptors
are very similar except subtle differences in their extracellular and
cytoplasmic domains. The extracellular domains of Notch contain
many repeated copies of an epidermal growth factor (EGF)-like motif,
which are involved in ligand interaction. Both Notch-1 and Notch-2
proteins have 36 arranged repeats of EGF-like domain, whereas
Notch-3 and Notch-4 contain 34 and 29 EGF-like repeats, respectively
[3]. The amino-terminal EGF-like repeats are followed by cysteine-
rich Notch Lin12 repeats (N/Lin12) that modulate interactions
between the extracellular and the membrane-tethered intracellular
domains. The cytoplasmic region of Notch contains a Recombination
Signal-Binding Protein 1 for J-kappa (RBP-J)-association molecule
(RAM) domain, ankyrin (ANK) repeats, nuclear localization signals
(NLS), a trans-activation domain (TAD), and a region rich in proline,
glutamine, serine, and threonine residues (PEST) sequence. It is well
known that ANK repeats are necessary and sufficient for Notch
activity. PEST sequence is involved in Notch protein turnover [4] and
the cytoplasmic region of conveys the signal to the nucleus. Notch
ligands have multiple EGF-like repeats in their extracellular domain
Fig. 1. (A) Structure of Notch receptors (1–4) and ligands (Jagged-1, 2, Dll-1, 3, 4). Bot
transmembrane receptor. The extracellular domain contains EGF-like repeats and a cystein
PEST domain. Notch ligands have multiple EGF-like repeats in their extracellular domain a
signaling is activated after ligand binding to an adjacent Notch receptor between two neighb
themetalloprotease, TACE, and γ-secretase complex. The cleavage releases the NICD into the
transcription of Notch target genes is inhibited by a repressor complex mediated by the CSL. W
the histone deacetylase–corepressor complex and recruiting the protein MAML1 and histo
repressor into a transcription activator complex, leading to activation of Notch target genes.
inhibited theoretically at many different levels. It is possible to (1) interfere with Notch–lig
degradation, (4) inhibit its translocation to the nuclear compartment, and (5) inhibit NICD
serrate-lag2; EGF: epidermal growth factor; LNR: Lin12/Notch repeats; NLS: nuclear loca
molecule domain; TAD: transcriptional activator domain; TM: transmembrane domain. CS
domain; TACE: tumor necrosis factor-α-converting enzyme; MAML1: mastermind-like 1.
and a cysteine-rich region (CR) in Serrate which are absent in Delta.
Jagged-1 and Jagged-2 have almost two-fold numbers of EGF-like
repeats compared to Delta [4] (Fig. 1A).

Notch signaling is activated after ligand binding to an adjacent
Notch receptor between two neighboring cells. Upon activation,
Notch receptors undergo a series of proteolytic cleavages by the
metalloprotease, tumor necrosis factor-α-converting enzyme (TACE)
and γ-secretase complex (comprised of presenilin-1/2, nicastrin, Pen-
2, and Aph-1). The first cleavage is mediated by TACE, which leads to
cleave the receptor in the extracellular domain. The released
extracellular domain is then trans-endocytosed by the ligand-
expressing cell. The second cleavage caused by the γ-secretase
complex releases the Notch intracellular domain (NICD) into the
cytoplasm, which can subsequently translocate into the nucleus
because of the presence of nuclear localization signals located within
it [5]. Therefore, inhibiting γ-secretase function would prevent the
cleavage of the Notch receptor, blocking Notch signal transduction,
and thus γ-secretase inhibitor (GSI) could be useful for the treatment
of human malignancies [6]. Consistent with this rationale, GSI are
now undergoing clinical trials (see website: clinicaltrials.gov). In the
absence of NICD, transcription of Notch target genes is inhibited
by a repressor complex mediated by the CSL (C protein binding factor
1/Suppressor of Hairless/Lag-1). When NICD is in the nucleus, it forms
an active transcriptional complex due to displacing the histone
h receptors and ligands contain multiple conserved domains. Notch is a single-pass
e-rich region. The intracellular domain contains the RAM domain, NLS, ANK, TAD, and
nd a CR in Jagged which are absent in Delta. (B) Schematic of Notch signaling. Notch
oring cells. Upon activation, Notch receptors undergo a series of proteolytic cleavages by
cytoplasm, which can subsequently translocate into the nucleus. In the absence of NICD,
hen NICD is in the nucleus, it forms an active transcriptional complex due to displacing

ne acetyltransferases to the CSL complex, leading to convert it from a transcriptional
Diagram of putative therapeutic target in the Notch pathway. Notch signaling could be
and interactions, (2) inhibit receptor activation, (3) promote Notch ubiquitination and
nuclear complex formation. ANK: ankyrin repeat; CR: cysteine-rich region; DSL: delta-
lization signals; PEST: proline, glutamine, serine, threonine; RAM: RBP-J association
L: C protein binding factor 1/Suppressor of Hairless/Lag-1; NICD: Notch intracellular
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deacetylase–corepressor complex and recruiting theproteinmastermind-
like 1 (MAML1) and histone acetyltransferases to the CSL complex,
leading to convert it from a transcriptional repressor into a transcription
activator complex [2] (Fig. 1B). A few Notch target genes have been
identified, including Hes (Hairy enhance of split) family, Hey (Hairy/
enhancer of spit related with YRPW motif), nuclear factor-kappa B (NF-
κB), vascular growth factor receptor (VEGF), mammalian target of
rapamycin (mTOR), cyclin D1, c-myc, p21, p27, Akt, etc., all of which
have been well documented for their roles in tumor development and
progression [7–10].

2. Notch in cancer development and progression

It has been well known that Notch signaling plays important roles
in maintaining the balance involved in cell proliferation, survival,
apoptosis, and differentiation which affects the development and
function of many organs. Therefore, dysfunction of Notch prevents
differentiation, ultimately guiding undifferentiated cells toward malig-
nant transformation. Indeed,manyobservations suggest that alterations
in Notch signaling are associated with many human cancers [11–17].
Moreover, Notch receptors and ligands have been found as prognostic
markers in human cancers [18,19].

2.1. Notch functions as oncogene or tumor suppressor

Very interestingly, the function of Notch signaling in tumorigen-
esis could be either oncogenic or anti-proliferative, and the function
could be context dependent. Notch signaling has been shown to be
anti-proliferative in a limited number of tumor types, including skin
cancer, human hepatocellular carcinoma, medullary thyroid, cervical
cancer, and small cell lung cancer [20–24]. For example, Nicolas et al.
[24] used a tissue-specific inducible gene-targeting approach to study
the physiological role of the Notch-1 receptor in the mouse epidermis
and the corneal epithelium of adult mice. They unexpectedly found
that ablation of Notch-1 results in epidermal and corneal hyperplasia
followed by the development of skin tumors and facilitated chemical-
induced skin carcinogenesis through beta-catenin-mediated signal-
ing. Recently, studies have also demonstrated that Notch-1 loss in
epidermal keratinocytes promotes tumorigenesis by impairing skin-
barrier integrity and creating a wound-like microenvironment in the
skin. Using mice with a chimeric pattern of Notch-1 deletion, the
authors have found that Notch-1 was insufficient to suppress tumor-
promoting effect, and the tumor-promoting effect of Notch-1 loss
involves a cross talk between barrier-defective epidermis and its
stroma [25]. More recent findings obtained in melanoma and non-
melanoma skin cancers show that Notch signaling has a dual action
(either as an oncogene or as a tumor suppressor), depending on the
tumor cell type and involving synchronous activation of other
intracellular signaling mechanisms [26].

However, most of the studies have shown oncogenic function of
Notch in many human carcinomas. Emerging evidence suggest that the
Notch signaling network is frequently deregulated in human malig-
nancies with up-regulated expression of Notch receptors and their
ligands were found in breast, lung, colon, head and neck, renal
carcinoma, acute myeloid, Hodgkin, and large-cell lymphomas and
pancreatic cancer [8,9,15,27–30]. Notch signalingpathwayhas alsobeen
found to cross talk withmultiple oncogenic signaling pathways, such as
NF-κB, Akt, Sonic hedgehog (Shh), mTOR, Ras, Wnt, estrogen receptor
(ER), androgen receptor (AR), epidermal growth factor receptor (EGFR),
and platelet-derived growth factor (PDGF) [31–36]. Thus it is believed
that the cross talk between Notch and other signaling pathways may
play critical roles in tumor aggressiveness. From the literature, Notch
may act either as a tumor suppressor or tumor promoter depending on
the cell type and tissue context, suggesting the complexity of Notch
signaling pathways [26]. The functions of Notch signaling have recently
been reviewed [7,10,16,23,27,37–40], and thus the readers who are
interested in learning more details on the functions of Notch signaling
pathway could also consult well-published review articles because the
focus of the current article is restricted to overcoming drug resistance.

2.2. Notch as diagnostic and prognostic markers in human cancers

Notch signaling pathway has been shown to play a role in cancer
patient survival. Patients with tumors expressing high levels of Jagged-1
or Notch-1 had a significantly poorer overall survival compared with
patients expressing low levels of these genes. Jagged-1 was also found to
be highly expressed in metastatic prostate cancer compared to localized
prostate cancer or benignprostatic tissues [41]. Furthermore, high Jagged-
1 expression in a subset of clinically localized tumors was significantly
associated with recurrence, suggesting that Jagged-1 may be a useful
marker in distinguishing indolent vs. aggressive prostate carcinomas [41].
Recently, high level co-expression of Jagged-1 and Notch-1 has been
observed in human breast cancer and the expression was found to be
associated with poor overall survival. Moreover, Jagged-1 expression is
associated with a basal phenotype and recurrence in lymph node-
negative breast cancer [42–44]. Very recently, it was found that Notch-1
and Notch-4 receptors could serve as prognostic markers in breast cancer
[18]. Shi et al. [45] also found that the Notch family expression pattern in
papillary bladder transitional cell carcinoma which was different from
that in invasive bladder transitional cell carcinoma. Therefore, the
expression of Notch-1 and Jagged-1 could potentially be a useful marker
for survival of patients diagnosed with papillary bladder transitional cell
carcinoma. More recently, it was reported that patients with cervical
carcinomas positive for nuclear Notch-3 expression had significantly
shorter overall survival than their peers whose tumors did not express
nuclear Notch-3, suggesting that Notch-3 could be a prognosticmarker in
cervical carcinomas [46]. Further research toward exploration of the
Notch signal as diagnostic and prognostic markers in human cancers
requires in-depth investigations.

3. The role of Notch in drug resistance

Recently, Notch pathway has been reported to be involved in
drug resistance. More importantly, the studies have demonstrated
that Notch regulates the formation of cancer stem cells (CSCs) and
contributes to the acquisition of the epithelial–mesenchymal transi-
tion (EMT) phenotype, which are critically associated with drug
resistance [40,47]. Experimental evidence also revealed that Notch
was involved in anti-cancer drug resistance, indicating that targeting
Notch could be a novel therapeutic approach for the treatment of
cancer by overcoming drug resistance of cancer cells, which may lead
to the elimination of CSCs or EMT type cells which are typically drug-
resistant, and are believed to be the “root cause” of tumor recurrence.
Therefore, in the following sections, we have attempted to summarize
the state of our knowledge on the functional role of Notch signaling
pathway in drug resistance, and approaches by which one could
overcome drug resistance for the successful treatment of most human
malignancies.

3.1. Drug resistance

Chemotherapy is an important therapeutic strategy for cancer treat-
ment and remains the mainstay for the management of human
malignancies; however, chemotherapy fails to eliminate all tumor cells
because of intrinsic or acquired drug resistance, which is the most
commoncause of tumor recurrence. Human cancers are generally initially
responsive to standard chemotherapies; however, response is almost
inevitably followed by the development of drug-resistant phenotype [48],
which leads to tumor recurrence and metastasis. The mechanisms
responsible for drug resistance are complex and still poorly understood.
It may be due to either the specific nature and genetic background of the
cancer cell itself or the genetic changes that follow toxic chemotherapy
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[49]. Drug resistance to therapy is classified by two categories: intrinsic
(de novo) and acquired. Intrinsic resistance would make the therapy
ineffective because prior to receiving the therapy, the cancer cells have
already resistant to anti-cancer drugs due to multiple mechanisms.
Acquired resistance develops during the treatment, although the tumor
cells were not initially resistant to anti-cancer drugs. The most common
reasons for the acquisition of resistance to anti-cancer drugs are due to
expression of one ormore energy-dependent transporters that detect and
eject anti-cancer drugs from cells, insensitivity to drug-induced apoptosis
and the induction of drug-detoxification mechanisms [50]. For example,
the ATP-binding cassette (ABC) drug transporters have been shown to
protect tumor cells from chemotherapeutic agents. ABC transporters eject
toxicdrugs fromcancer cells, leading to reducing theeffect of drug's ability
to kill the cancer cells. There are three ABC protein members that have
been identified, which are ABCB1 (PGP, P-glycoprotein), ABCG2 (BCRP,
breast cancer resistant protein), and ABCC1 (MRP1, multidrug resistance
associated protein) [49,50].

Studies over the past years have shown that a number of genes are
involved in chemotherapy drug resistance. These genes include K-ras,
TOP1 (topoisomerase 1), ERCC1 (excision repair cross complementa-
tion 1), LRP (lung resistance-related protein), COX-2, cyclin D1, Bcl-2,
Survivin, etc. [50–53]. Recently, many signaling pathways have been
found to be involved in drug resistance such as PTEN, Akt, mTOR, NF-
κB, EGFR, FGFR (fibroblast growth factor receptor), Raf/MEK/ERK,
MAPK (mitogen-activated protein kinase), IGF (insulin-like growth
factor), and Notch signaling pathway [54–61]. The main roles of these
pathways (except Notch signaling pathway) in drug resistance have
recently been reviewed [53–60]. Therefore, in this review article, we
will focus our discussion on describing the role of Notch in drug
resistance and summarize approaches by which one could overcome
drug resistance.

3.2. Notch regulates EMT in drug resistance

Recent studies have shown that EMT is associated with drug re-
sistance and cancer cell metastasis. It is now widely accepted that
epithelial cells can acquire mesenchymal phenotype by a fundamental
yet complex processes. The processes of EMT is a unique process by
which epithelial cells undergo remarkable morphologic changes
characterized by a transition from epithelial cobblestone phenotype to
elongated fibroblastic phenotype (mesenchymal phenotype) leading to
increased motility and invasion [62]. During the acquisition of EMT
characteristics, cells lose epithelial cell–cell junction, actin cytoskeleton
reorganization and the expression of proteins that promote cell–cell
contact such as E-cadherin and γ-catenin, and gains in the expression of
mesenchymal markers such as vimentin, fibronectin,α-smooth muscle
actin (SMA), and N-cadherin as well as increased activity of matrix
metalloproteinases (MMPs) like MMP-2, MMP-3, and MMP-9, leading
to an invasive phenotype [63]. Indeed, increasing evidence has shown
the relationship between drug resistance and the existence of EMT
phenotype. Fox instance, epithelial butnotmesenchymal gene signature
has been associated with sensitivity to the EGFR inhibitor erlotinib-
mediated growth inhibition in lung cancer cells [64]. These results were
confirmed in other types of tumors like head and neck squamous cell
carcinoma and hepatocellular carcinoma as well as for the treatment of
cancer with other EGFR inhibitors such as gefitinib and cetuximad
[65,66]. The processes of EMT has also been shown to be important
on conferring drug resistance characteristics to cancer cells against
conventional therapeutics including taxol, vincristine, and oxaliplatin
[67]. Consistent with these observations, recent studies has also shown
the link between EMT and gemcitabine-resistant pancreatic cancer cells
with increased invasive capacities, oxaliplatin-resistant colorectal
cancer cells, lapatinib-resistant breast cancer, and paclitaxel-resistant
ovarian carcinoma cells [68–71]. Therefore, the discovery of precise
mechanisms that governs the acquisition of EMT phenotype in cancer
cellswould likely beuseful for devising targeted therapeutic approaches
in combination with conventional therapeutics for the treatment of
human malignancies.

Notch signaling pathway has been reported to be involved with the
acquisition of EMT in drug-resistant cancer cells. Our recently published
data showed that pancreatic cancer cells that are gemcitabine-resistant
(GR) have acquired EMT phenotype as evidenced by elongated
fibroblastoid morphology, lower expression of epithelial marker E-
cadherin, and higher expression of mesenchymal markers such as zinc-
finger E-box binding homeobox 1 (ZEB1) and vimentin [70,72].We also
found that Notch-2 and Jagged-1 are highly up-regulated in GR cells.
Moreover, down-regulation ofNotch signaling by siRNA approach led to
partial reversal of the EMTphenotype, resulting in themesenchymal-to-
epithelial transition (MET), which was associated with decreased
expression of vimentin, ZEB1, Slug, Snail, and NF-κB [72]. These results
provide molecular evidence indicating that the activation of Notch
signaling is mechanistically linked with chemoresistance phenotype,
which is consistentwith the acquisition of EMTphenotypebypancreatic
cancer cells, and further suggesting that the inactivation of Notch
signaling by novel strategies could be a potential targeted therapeutic
approach for overcoming chemoresistance toward the prevention of
tumor progression and/or treatment of human cancer forwhich current
conventional therapeutic strategies are highly disappointing.

3.3. Notch regulates cancer stem cell in drug resistance

Current cancer therapeutic strategies based on tumor regression
may target and kill differentiated tumor cells, which constitute the bulk
of the tumor, while sparing the rare cancer stem cell population. Cancer
stem cells (CSCs) constitute a small subset of cancer cells that are a
reservoir of self-sustaining cells with the exclusive ability to self-renew
capacity leading to the maintenance of the tumor mass. The CSCs have
been identified and isolated from tumors of the hematopoietic system,
breast, lung, prostate, colon, brain, head and neck, and pancreas [73].
The CSCs are able to self-renew, differentiate, and regenerate to
phenotypic cells of the original tumor when implanted into the severe
combined immunodeficient mouse. Recently, CSCs have been believed
to play critical roles in drug resistance and cancer metastasis especially
because CSCs express drug transporters and DNA repair systems, which
allowCSCs to resist the killing effects of the drug. For instance, ABC drug
transporters have been shown to protect CSCs from chemotherapeutic
agents [74,75]. Another mechanism is that CSCs accumulate mutations
over time as a consequence of a long-term exposure to drug, which
confer drug resistance phenotype acquired by the daughter cancer cells
[76]. Thus, the molecular knowledge of drug resistance and metastasis
with respect to CSCs in human cancer is considered very important, and
the gain of such knowledge is likely to be helpful not only in the
discovery of newer drugs but also in the design of novel therapeutic
strategies for the treatment of human cancer with better treatment
outcome.

Emerging evidence is clearly showing that Notch signaling plays
critical roles in both stem cells and progenitor cells, suggesting that
abnormal Notch signaling may contribute to carcinogenesis by dereg-
ulating the self-renewal of normal stem cells. For example, Phillips et al.
[77] have reported that CSCs can be identified by phenotypic markers
and their fate is controlled by the Notch pathway in breast cancer.
Recombinant human erythropoietin receptor increased the numbers of
stem cells and self-renewing capacity in a Notch-dependent fashion
by induction of Jagged-1. Inhibitors of the Notch pathway blocked
this effect, suggesting the mechanistic role of Notch signaling in the
maintenance of cancer stem-like cell phenotype [77]. Farnie et al. [78]
also provided evidence for breast cancer stem cells, and their studies
have consistently shown that stem-like cells and breast cancer initiating
populations can be enriched using cell surface markers CD44+/CD24−
and, as such, these cells showed up-regulated genes including Notch
that are known to contribute to cancer stem-like cells characteristics.
It has also been reported that glioma stem cells have elevated
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chemoresistance because of the high expression levels of drug-
transporter proteins such as ABCG2. Furthermore, ABCG2 expression
is also associated with proliferation, and the ABCG2-positive cells
preferentially express several “stemness” genes such as Notch-1 [79].
Therefore, eradication of CSCs is an important goal for curing cancer, and
thus the Notch pathway is considered an attractive target for treatment
of cancer because targetingNotchwill not only kill differentiated cancer
cells but could also kill CSCs by overcoming drug resistance.

3.4. Notch cross talks with miRNAs in drug resistance

Recently, evidences suggest that microRNAs (miRNAs) play impor-
tant roles in the regulation of drug resistance [80]. It is well known that
the miRNAs elicit their regulatory effects in post-transcriptional
regulation of genes by binding to the 3′ untranslated region (3′UTR)
of target messenger RNA (mRNA). Either perfect or near perfect
complimentary base pairing results in the degradation of the mRNA,
while partial base pairing leads to translational inhibition to functional
proteins [81]. Very interestingly, some miRNAs are thought to have
oncogenic activity while others have tumor suppressor activity.
Oncogenic miRNAs are up-regulated in cancer and contribute to its
pathology through various mechanisms such as targeting tumor
suppressor genes. In contrast to the oncogenic miRNAs, other miRNAs
are considered to have tumor suppressor activity and are down-
regulated in cancer [82]. Recent studies have suggested altered
expression of specific miRNAs in drug-resistant tumor cells. For
example, the expression of three miRNAs (miR-192, miR-424, and
miR-98) was significantly up-regulated while the expression of three
othermiRNAs (miR-194,miR-200b, andmiR-212) was down-regulated
in docetaxel-resistant NSCLC cells [83]. Recently, Song et al. [84] found
that the expression ofmiR-140was associatedwith chemosensitivity to
5-fluorouracil (5-FU) and methotrexate in osteosarcoma. Specifically,
blocking endogenous miR-140-sensitized resistant cancer cells to 5-FU
treatment, whereas overexpression of miR-140 made tumor cells more
resistant to 5-FU, suggesting that miR-140 could be a novel target to
develop therapeutic strategy to overcome drug resistance. Increasing
evidence clearly implicating the role of miRNAs in drug resistance, and
in a recent review article, we have summarized the implication of
miRNAs indrug resistance for designingnovel cancer therapy [80]. Here,
we will discuss further how miRNAs could cross talk with Notch
pathway leading to drug resistance and how and what novel agents
could be useful to overcome such a drug resistance phenotype of cancer
cells.

One miRNA, namely miR-34, has been found to participate in
Notch pathways regulation and has been reported to be involved drug
resistance [85]. The miR-34 family is composed of three processed
miRNAs: miR-34a is encoded by its own transcript, whereas miR-34b
and miR-34c share a common primary transcript [86]. The expression
of miR-34a has been found to be lower or undetectable in pancreatic
cancer, osteosarcoma, breast cancer, and non-small cell lung cancer,
suggesting that miR-34a could function as a tumor suppressor gene
[86]. Recently, Li et al. [87] reported that transfection of miR-34a to
glioma cells down-regulated the protein expression of Notch-1,
Notch-2, and CDK6. More recently, Ji et al. [88] reported that human
gastric cancer cells with miR-34 restoration reduced the expression of
target gene Notch. In parallel, the same group reported that Notch-1
and Notch-2 are downstream genes of miR-34 in pancreatic cancer
cells because restoration of miR-34 expression in the pancreatic
cancer cells down-regulated the expression of Notch-1 and Notch-2.
Moreover, they reported that pancreatic cancer stem cells are
enriched with tumor-initiating cells or CSCs with high levels of
Notch-1/2 and loss of miR-34 [89], suggesting that miR-34 may be
involved in pancreatic cancer stem cell self-renewal mediated by
Notch signaling. More recently, Fujita et al. [85] demonstrated that
miR-34a is down-regulated in drug-resistant prostate cancer cells,
and ectopic overexpression of miR-34a resulted in growth inhibition
and attenuated chemoresistance to the anti-cancer drug camptothe-
cin. Very recently, another study determined that miR-34a was down-
regulated in doxorubicin and verapamil resistance MCF-7 breast
cancer cells [90]. Collectively, these reports clearly suggest the role of
miR-34 in drug resistance, which is in part mediated through the
regulation of Notch signaling; however, further in-depth research is
needed in order to fully understanding how miR-34 regulates the
Notch pathway in drug-resistant cells and finding novel avenues by
which one could up-regulate miR-34 would be highly innovative for
designing novel treatment strategies for eliminating tumor cells that
are the root cause of tumor recurrence and metastasis.

Another miRNA, miR-1, was markedly reduced in primary human
hepatocellular carcinoma, prostate cancer, head and neck, and lung
cancer [91,92]. Recently, miR-1 was also found to alter sensitivity of
cancer cells to therapeutic agents. Nasser et al. [92] reported that ectopic
miR-1 expression sensitize lung cancer cells to anti-cancer drug
doxorubicin, suggesting that up-regulation of miR-1 has potential as a
target for therapy against lung cancers. It has been reported that Notch
ligand Dll-1 protein levels are negatively regulated by miR-1 [93]. In
parallel,miR-1directly targets theNotch liganddelta for repression [94],
suggesting that miR-1 may regulate drug resistance in part via
regulating the Notch signaling pathway. Recently, the alteration of
miR-200 family was also found in drug-resistant cells. The miR-200
family hasfivemembers:miR-200a,miR-200b,miR-200c,miR-141, and
miR-429. The expression ofmiR-200bwas significantly down-regulated
in docetaxel-resistant NSCLC cells [83]. Recently, many studies have
shown that the miR-200 family regulates EMT which is associated with
drug resistance. One study discovered that miR-200 expression
regulates EMT in bladder cancer cells and reverses resistance to EGFR
therapy [95]. Another recent study reported that miR-200c restored
microtubule-binding chemotherapeutic agents in breast and ovarian
cancer cells [96].Wealso found thatmiR-200a,miR-200b, andmiR-200c
were down-regulated in gemcitabine-resistant pancreatic cancer cells,
which show the acquisition of EMT phenotype. Furthermore, we have
shown that re-expression of miR-200 family resulted in the down-
regulation of ZEB1, slug, E-cadherin, and vimentin and increased cell
sensitivity to gemcitabine [97]. In addition,we found that Notch-1 could
be one of miR-200b targets because overexpression of miR-200 family
significantly inhibited Notch-1 expression in gemcitabine-resistant
pancreatic cancer cells and prostate cancer cells (unpublished data),
suggesting that re-expression of miR-200 could increase drug sensitiv-
ity, which indeed could be mediated through the regulation of Notch
signalingpathway. Thus, it is our belief thatmore andmoremiRNAswill
be discovered,whose re-expressionwillmake drug-resistant cells drug-
sensitive, and such strategy could be useful in eliminating cancer cells
with propensity of recurrence and metastasis.

3.5. Notch pathway in specific chemoresistance

Chemotherapy is critically important for cancer therapy; however,
chemotherapy fails to eliminate all tumor cells due to chemoresis-
tance either the de novo or acquired chemoresistance. Currently,
chemoresistance is still themost common cause of tumor progression.
Many cellular pathways have been found to be involved in drug
resistance. Recent studies have demonstrated that Notch pathway
plays a critical role in anti-cancer drug resistance as documented in
the previous paragraphs. Here, we will further discuss the roles of
Notch pathway in chemoresistance and a comprehensive list of Notch
pathway that is involved in chemoresistance is presented in Table 1.

3.5.1. The role of Notch in anti-cisplatin resistance
Cisplatin is the most important chemotherapeutic agent for the

treatment of human carcinoma including lung, ovarian, bladder, and
testicular cancers. However, acquired resistance to cisplatin therapy is
still a critical problem in the clinical management of cancer patients.
Recent studies have shown that Notchmay play a role in themechanisms



Table 1
A comprehensive list of Notch pathway involved in chemoresistance.

Drug Targeted genes Cell or tissue Reference

Cisplatin Notch-1 was highly expressed in cisplatin resistance cells Head and neck squamous cell,
colorectal, and ovarian cancer cells

[98–101]

Doxorubicin Notch-3 was up-regulated and contributed to the
anti-cancer drug doxorubicin resistance through
regulating p53 expression and DNA damage.
GSI improved the cytotoxicity of the doxorubicin.

Hepatocellular carcinoma cells, myeloma cells [114,116]

Erlotinib GSI enhance the EGFR tyrosine kinase inhibitor erlotinib
anti-tumor activity

Lung cancer [112]

5-fluorouracil 5-FU induced NICD protein and activated Hes-1 Colon cancer cells [108]
Gemcitabine Inhibition of Notch-3 enhances sensitivity to gemcitabine.

Notch-2 and Jagged-1 are highly up-regulated in
gemcitabine resistance.

Pancreatic cancer cells [72,102]

Gefitinib Overexpression of Notch-1 contributes to the
gefitinib resistance

Breast cancer cells [111,113]

Melphalan GSI improved the cytotoxicity of the melphalan Myeloma cells [116]
Mitoxantrone Activation of Notch-1 resulted in the protection f

rom mitoxantrone-induced apoptosis
Myeloma cells and malignant lymphoid cell lines [115]

Oxaliplatin Oxaliplatin induced NICD protein and activated Hes-1
GSI-sensitized cells to oxaliplatin

Colon cancer cells [108]

Paclitaxel Taxol enhanced the expression of Notch
downstream gene CBF1.
GSIs are useful for the chemotherapeutic treatment
of taxol-resistant cancer cells.

Erythroleukemia,
cervical, colorectal, ovarian cancer cells

[105–107]

Tamoxifen Down-regulation of Notch-1 or
GSI potentiated the effects of tamoxifen

Breast cancer cells [27]

Taxol GSIs enhance taxol-induced mitotic arrest and
apoptosis of colon cancer cells

Erythroleukemia cells, cervical, colon,
ovarian cancer cells

[105–107]

Taxetere Down-regulation of Notch-1 signaling increased
chemosensitivity to taxotere

Breast and prostate cancer cells [104]

Trastuzumab Notch-1 signaling regulates ErbB-2 transcription.
Down-regulation of Notch-1 increased efficacy
of trastuzumab and restored sensitivity
in resistant cells

Breast cancer cells [61,109,110]
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of cisplatin resistance. One such study by Zhang et al. [98] demonstrated
that the positive rate of Notch-1was significantly higher in head and neck
squamous cell carcinoma (HNSCC) than in normal squamous epithelium,
and it was negatively correlated with cisplatin sensitivity. Moreover,
Notch-1 was highly expressed in cisplatin-resistant HNSCC patients [99].
Further, cisplatin resistance of HNSCC was decreased after inhibition of
Notch signaling [99]. In addition, combination of GSI and cisplatin elicits a
striking induction of colorectal cancer cell death [100]. Human ovarian
cancer-initiating cells enhanced chemoresistance to cisplatin and up-
regulation of Notch-1 compared with parental tumor cells [101]. These
results support the notion that inactivation of Notch pathway could be a
novel strategy for patients who is likely respond to such chemotherapy.

3.5.2. The role of Notch in anti-gemcitabine resistance
Gemcitabine monotherapy (2′,2′-difluorodeoxycytidine), a deoxy-

cytidine analogue, or its combination with other agents has become
standard chemotherapy for the treatment of advanced human cancers.
However, the effect of gemcitabine on survival has been disappointing,
which could be due to many factors including intrinsic drug resistance
or acquired drug resistance. For example, gemcitabine showed only
about 5% partial response rate and imparts a progression-free survival
interval ranging from 0.9 to 4.2 months in pancreatic cancer. This
disappointing outcome strongly suggests that a better understanding of
the mechanism by which chemoresistance arises is likely to lead to
novel therapeutic strategies for the successful treatment of cancer
patients. Recently, Notch signaling pathway was found to play a critical
role in gemcitabine-resistant cancer cells. Yao et al. [102] demonstrated
that Notch-3 siRNA suppressed Notch-3 expression and increased
gemcitabine-induced, caspase-mediated apoptosis in pancreatic cancer.
Moreover, inhibition of Notch-3 enhances sensitivity to gemcitabine in
pancreatic cancer through an inactivation of PI3K/Akt-dependent
pathway. We also found that Notch-2 and Jagged-1 are highly up-
regulated in gemcitabine-resistant pancreatic cancer cells. Moreover,
down-regulation of Notch signaling by siRNA approach led to partial
reversal of the EMT phenotype, which was associated with increased
gemcitabine sensitivity [72].

3.5.3. The role of Notch in anti-taxotere resistance
Taxotere (Docetaxel), a member of the taxane family, has shown

high efficacy in the treatment of a wide spectrum of solid tumors
including prostate, breast, and gastric cancer [103]. It has been found
that taxotere inhibits cell growth and induces apoptosis with down-
regulation of some genes for cell proliferation, transcription factors, and
oncogenesis and up-regulation of somegenes related to the induction of
apoptosis and cell cycle arrest in tumor cells, suggesting pleiotropic
effects of taxotere on tumor cells. Clinical trials have shown that the
combination chemotherapy using taxotere with other agents improves
survival in cancer patients [103]. However, the effect of taxotere is also
disappointed due to drug resistance. Recently, we found that taxotere-
resistant DU145 prostate cells have high expression of Notch-1
(unpublished data), suggesting that Notch pathway is involved in
taxotere resistance. Another group also reported that down-regulation
of Notch-1 signaling increased chemosensitivity to taxotere and
doxorubicin in breast cancer [104], indicating that Notch signaling
may be a promising target for overcoming taxotere-resistant in breast
cancer and other cancers.

3.5.4. The role of Notch in anti-taxol resistance
Taxol (Paclitaxel) is another anti-cancer chemotherapy drug. It is used

for the treatment of breast, ovarian, lung, bladder, prostate, melanoma,
esophageal, andother typesof solid tumors. It hasbeen reported that taxol
could enhance the expression of Notch downstream gene CBF1 in
erythroleukemia K562 cells and cervical carcinoma HeLa cells [105].
Recently, it was found that GSIs could enhance taxol-induced mitotic
arrest and apoptosis of colon cancer cells both in vitro and in vivo,
suggesting that GSIs could be useful for the treatment of taxol-resistant
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colorectal cancers [106]. More recently, Mine et al. [107] reported that
targeting Notch-1was significant for novel treatments to eliminate taxol-
resistant ovarian cancer stem cells. These limited emerging evidences
suggests that overcoming taxol resistance could be achieved by
inactivation of Notch signaling which would become a rational approach
for the treatment of most human malignancies.

3.5.5. The role of Notch in anti-tamoxifen resistance
Tamoxifen is a well-known anti-cancer drug for the treatment of

breast cancer. Certain types of breast cancer require estrogen to grow and
tamoxifen blocks the actions of estrogen. Tamoxifen works by blocking
the effect of estrogen, resulting in inhibiting gene transcription and tumor
growth that are activated by estrogen. Resistance to tamoxifen is often
seen in tumor cells that become estrogen independent; thus, tamoxifen
cannot inhibit tumor growth. In a recent study, Rizzo et al. [27] found that
down-regulation of Notch-1 by siRNA or GSI potentiated the effects of
tamoxifen in breast cancer cells. Moreover, GSI in combination with
tamoxifen caused regression of breast cancer cell growth in mice. These
data indicate that the combinations of tamoxifen and Notch inhibitors
may be effective in ERα (+) breast cancer, and such a combination
treatment could eliminate the emergence of Tamoxifen resistance, which
certainly would improve the treatment outcome of patients diagnosed
with breast cancer.

3.5.6. The role of Notch in anti-oxaliplatin resistance
Oxaliplatin is a platinum-compound chemotherapy drug that acts

as an alkylating agent. Oxaliplatin is used to treat colorectal cancer,
and it is often given in combination with other anti-cancer drugs (5-
fluorouracil and leucovorin). It has been shown that Notch-1 is up-
regulated in colon cancer. Further, oxaliplatin or 5-FU could induce
NICD protein and activated Hes-1 though an increase in the activity
and expression of gamma-secretase complex. Therefore, GSI could
sensitize cells to chemotherapy, which has been demonstrated
showing synergistic activity with oxaliplatin and 5-FU [108]. The
authors have summarized that colon cancer cells with up-regulated
expression of Notch-1 could function as a protective mechanism in
response to chemotherapy [108], further suggesting that combining
GSIs with chemotherapy may be a novel strategy for overcoming
chemoresistance in colon cancer.

3.5.7. The role of Notch in anti-trastuzumab resistance
Trastuzumab is the humanized, monoclonal antibody that directed

against ErbB-2. It has shown efficacy causing improved overall survival
for breast cancer patients. However, resistance to trastuzumab remains
a major concern, specifically in womenwithmetastatic breast cancer. It
has been found that Notch-1 could contribute to trastuzumab resistance
in breast cancer [61]. Notch-1 signaling regulates ErbB-2 transcription in
ErbB-2-overexpressing breast carcinoma tumor-initiating cells, there-
fore affecting their self-renewal properties [109]. Trastuzumab in-
creased the Notch-1 activity and its target gene expression. The
expression of Notch-1, Hey-1, and Hes-5 was highly expressed in
trastuzumab-resistant BT474 compared to trastuzumab-sensitive
BT474 [110]. Moreover, down-regulation of Notch-1 increased efficacy
of trastuzumab in BT474-sensitive cells and restored sensitivity in
resistant cells. Furthermore, the growth of both trastuzumab-sensitive
and -resistant cellswas completely inhibited by combining trastuzumab
plus Notch-1 siRNA. The Notch-1 siRNA or a GSI re-sensitized
trastuzumab-resistant BT474 cells to trastuzumab [110], suggesting
thatNotch-1might play a novel role in resistance to trastuzumab,which
could be prevented or reversed by inhibiting Notch-1.

3.5.8. The role of Notch in other chemoresistance drugs
Notch signaling pathway was also found in many other chemore-

sistant cancer cells [111–113]. For example, Notch-3 was up-regulated
and contributed to the anti-cancer drug doxorubicin resistance through
regulating p53 expression and DNA damage in human hepatocellular
carcinoma (HCC) cell lines, suggesting that Notch-3 silencing in
combination with chemotherapeutics could conceivably provide a
novel strategy for HCC treatment [114]. Another study determined
that Notch-1 signaling was involved in bone marrow stroma-mediated
de novo melphalan and mitoxantrone resistance of myeloma [115].
Moreover, GSI significantly improved the cytotoxicity of the chemo-
therapeutic drugs doxorubicin and melphalan in myeloma cells,
demonstrating that inhibition of Notch signaling prevents bone
marrow-mediated drug resistance and sensitizes to chemotherapy
[116]. There are currentlymore andmore studies being done to uncover
the resistance mechanism by Notch signaling pathway.

4. Targeting Notch to increase drug sensitivity

Notch signaling has been reported to be involved in drug resistance
as documented in the previous paragraphs. Therefore, targeting Notch
pathway for cancer therapy is a novel strategy for optimizing treatment
outcome of conventional chemotherapy. Strategies to regulate Notch
expression in cancers could be at many different levels. It is possible to
interfere with Notch–ligand interactions, receptor activation, mono-
ubiquitination, and NICD nuclear complex formation and inhibition of
its translocation to thenuclear compartment (Fig. 1B). Notch signaling is
activated via the activity of γ-secretase which became a target in cancer
therapy. Several forms of γ-secretase inhibitors (GSIs) have been tested
for anti-tumor effects. The GSI inhibits cell growth and could induce
apoptosis in many human cancer cells, such as hepatoma cells, breast
cancer cells, pancreatic cancer cells, andmyeloma cells [1,7]. Recently, it
was found that inhibition of Notch signalingwith GSI-sensitized cells to
chemotherapy and was synergistic with oxaliplatin and 5-FU, suggest-
ing that combining GSI with chemotherapy may represent a novel
approach for treatingmetastatic colon cancers as indicated above [108].
Recently, Gu et al. [99] reported that cisplatin resistance of HNSCC was
decreased by inhibition of Notch signaling, suggesting that inactivation
of Notch-1 could help HNSCC response to chemotherapy. Very recently,
Song et al. [28] evaluated the effects of Notch-1 silencing on cisplatin-
induced cytotoxicity in CaSki cervical cancer cells. They found that Notch-
1 knockdown by siRNA significantly potentiated cisplatin-induced
cytotoxicity, lowering the IC50 value of cisplatin in CaSki cells by almost
two orders of magnitude. Collectively, all the published data suggest that
targeting Notch pathway could increase drug sensitivity in human
cancers; however, one of the major challenges is to eliminate unwanted
toxicity associated with the GSI, especially the cytotoxicity in the
gastrointestinal tract. Shih et al. [39] reported the possible mechanisms
underlying the unwanted cytotoxicity of GSI. Notch signaling pathway is
known to widely participate in cellular physiology in normal tissues;
therefore, it is plausible that inactivation of γ-secretase may lead to the
dysfunction of vital organs. Moreover, GSI do not exclusively target the
Notch signaling pathways because γ-secretase has many substrates in
addition to Notch receptors, such as several Notch ligands, v-erb-a
erythroblastic leukemia viral oncogene homolog 4 (ErbB4), CD44, etc.
Further, GSI may target proteases other than γ-secretase. Therefore, GSI
may have widespread adverse effects in vivo because proteases
participate in a wide array of cellular functions [39].

In order to overcome such limitations, recent studies have shown that
“natural agents”, which are typically non-toxic to humans, including
isoflavone, resveratrol, curcumin, withaferin-A, and others, could inhibit
theNotch-1 expression. The studies fromour laboratory have shown that
genistein and curcumindown-regulated the transcription and translation
ofNotch-1 and its downstreamgenes, Hes-1, cyclinD1, Bcl-XL, andNF-κB.
Overexpression of Notch-1 by Notch-1 cDNA transfection abrogated
genistein- andcurcumin-inducedapoptosis to a certaindegree. Therefore,
we strongly believe that down-regulation of Notch-1 by genistein and
curcumin is mechanistically linked to cell proliferation and apoptotic
processes [9,117–119]. In addition, studies from other laboratories have
shown that resveratrol could induce apoptosis by inhibiting the Notch
pathway mediated by p53 and PI3K/Akt in T-ALL [120]. Moreover, one
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Chinese herb anti-tumor Bwas also found to inhibit Notch expression in a
mouse lung tumormodel [121]. Recently, itwas reported thatwithaferin-
A could inhibit Notch-1 signaling and thereby down-regulates pro-
survival pathways, such as Akt/NF-κB/Bcl-2, in colon cancer cells [122].
Furthermore, recent studies have shown that natural agents could alter
the expression of specific miRNAs that could regulate Notch signaling
pathway. We found that re-expression of miR-200 by pre-miR-200
transfection or treatment of GR pancreatic cancer cells with isoflavone
resulted in the up-regulation of miR-200, leading to increased sensitivity
of GR cells to gemcitabine. Isoflavone also induced the expression of let-7,
which could be linked to the treatment effects [97]. Considering the
relativelynon-toxic natureof natural agents, targeting theNotchpathway
by thesenatural agents combinedwith conventional chemotherapy could
be a novel and safer approach for achieving better treatment outcome;
however, further in-depth preclinical and clinical studies are warranted
in order to appreciate the value of natural agents in overcoming drug
resistance to eliminate cancer cells that are the root cause of tumor
recurrence and metastasis.

5. Conclusion and overall perspectives

In this review article, we attempted to summarize the role of Notch
pathway in drug resistance; however, we could not cite all the published
studies, and thus we sincerely apologize to those whose work has not
been cited here due to space limitations. In conclusion, recent studies
demonstrate that Notch signaling pathway may play critical roles in the
regulation of anti-cancer drug sensitivity and resistance. Since Notch
signaling pathway has been found to be involved in EMT and CSCs and
deregulated expression of miRNAs, suggesting that up-regulation and
down-regulation of specific miRNA that are intimately associated with
Notch signaling could become a novel approach for overcoming drug
resistance (Fig. 2). As such, high expression of Notch pathway can reduce
response to anti-cancer agents such as cisplatin, doxorubicin, 5-
fluorouracil, gemcitabine, tamoxifen, etc., and thus, down-regulation of
Notch signaling bymultiple approaches appears to be a novel strategy for
increasing drug sensitivity of cancer cells to conventional chemother-
apeutics. To that end, natural agents such as genistein, curcumin,
resveratrol, and others could be very useful for the inhibition of Notch
signaling pathway, which could lead to the inhibition of cancer growth,
induction of apoptosis, reversal of EMT phenotype, elimination of drug-
resistant CSCs, and thereby increasing drug sensitivity, which would be
useful for treatment of cancer patients with better treatment outcome. In
summary, our findings together with those reported in the literature are
becoming an exciting area for further in-depth research toward targeted
inactivation of Notch signaling proteins, especially by natural agents, as a
novel therapeutic approach for increasing the drug sensitivity, and
thereby improving the treatment outcome of cancer patients, which is
believed to be due to eliminating the cancer cells that are the root cause of
tumor recurrence and metastasis.
Fig. 2. The role of Notch signaling pathway in the progression of cancer, and during the a
resistance. Natural agents and γ-secretase inhibitors could be useful for targeting Notch signa
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Notch signaling pathways are known to regulate many cellular processes, including cell
proliferation, apoptosis, migration, invasion, and angiogenesis, and is one of the most
important signaling pathway during normal development. Recently, emerging evidences
suggest that microRNAs (miRNAs) can function as key regulators of various biological
and pathologic processes during tumor development and progression. Notch signaling
has also been reported to be regulated through cross-talk with many pathways and factors
where miRNAs appears to play a major role. This article will provide a brief overview of the
published evidences for the cross-talks between Notch and miRNAs. Further, we summa-
rize how targeting miRNAs by natural agents could become a novel and safer approach
for the prevention of tumor progression and treatment.

� 2009 Elsevier Ireland Ltd. All rights reserved.
1. Notch signaling

In recent years, we have witnessed the sudden explo-
sion in the literature regarding the role of Notch signaling
in tumor progression. It has become clear that Notch sig-
naling is involved in cell proliferation, survival, apoptosis,
and differentiation which affects the development and
function of many organs [1]. Notch genes encode proteins
which can be activated by binding of a family of its ligands.
The four members of Notch receptors have been identified
to date in mammals, including Notch-1 to -4. Five Notch li-
gands have been found in mammals: Dll-1 (Delta-like 1),
Dll-3 (Delta-like 3), Dll-4 (Delta-like 4), Jagged-1 and Jag-
ged-2 [1]. Notch signaling is initiated by binding of the
Notch transmembrane receptors with their specific ligands
between two neighboring cells. Upon activation, Notch is
cleaved, releasing the Notch intracellular domain (NICD)
and Ltd. All rights reserved.
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tes. Tel.: +1 313 576

rkar).
through a cascade of proteolytic cleavages by the metallo-
protease tumor necrosis factor-a-converting enzyme
(TACE) and c-secretase complex. The NICD can subse-
quently translocate into the nucleus for transcriptional
activation of Notch target genes [2] (Fig. 1). Inhibiting
c-secretase function would prevent the cleavage of the
Notch receptor, resulting in blocking the Notch signal
transduction signaling [3]. Therefore, c-secretase inhibi-
tors could be useful for the treatment of human malignan-
cies, which are being tested in clinical trials (see website:
www.clinicaltrials.gov). In the absence of NICD, transcrip-
tion of Notch target genes is inhibited by a repressor
complex mediated by the CSL (C protein binding factor 1/
Suppressor of Hairless/Lag-1). When NICD enters the nu-
cleus, it binds to CSL and recruits transcription activators
to the CSL complex, leading to convert it from a transcrip-
tional repressor into a transcription activator complex [3].
A few Notch target genes have been identified, some of
which are dependent on Notch signaling in multiple tis-
sues, while others are tissue specific. Notch target genes
include Hes (Hairy enhance of split) family, Hey (Hairy/en-
hancer of spit related with YRPW motif), nuclear factor-
kappa B (NF-jB), vascular growth factor receptor (VEGF),
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http://dx.doi.org/10.1016/j.canlet.2009.11.012
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http://www.elsevier.com/locate/canlet


Fig. 1. Schematic of Notch signaling. Notch signaling is initiated by
binding of the Notch transmembrane receptors with their specific ligands
between two neighboring cells. Upon activation, Notch is cleaved,
releasing the Notch intracellular domain (NICD) through cleavage by
c-secretase complex. The NICD can subsequently translocate into the
nucleus for transcriptional activation of Notch target genes. When NICD
enters the nucleus, co-repressors associated with CSL (CBF1/Suppressor of
Hairless/Lag-1) are displaced and a transcriptionally active complex
consisting of CSL, NICD, Mastermind, and other co-activators is formed,
which converts CSL from a transcriptional repressor into an activator,
leading to activation of Notch target genes.
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mammalian target of rapamycin (mTOR), cyclin D1, c-myc,
p21, p27, Akt, etc. [4–7].

It has been well documented that Notch signaling main-
tains the balance between cell proliferation, differentiation
and apoptosis. Therefore, alterations in Notch signaling are
considered to be associated with tumorigenesis. Indeed, it
has been reported that Notch genes are abnormally regu-
lated in many human malignancies [8–10]. These observa-
tions suggest that dysfunction of NICD prevents
differentiation, ultimately guiding undifferentiated cells
toward malignant transformation. Interestingly, it has
been shown that the function of Notch signaling in tumor-
igenesis could be either oncogenic or anti-proliferative,
and the function could be context dependent [11]. Notch
signaling has been shown to be anti-proliferative in a lim-
ited number of tumor types, including skin cancer, human
hepatocellular carcinoma and small cell lung cancer [11–
13]. However, most of the studies have shown oncogenic
function of Notch in many human carcinomas. In sum-
mary, emerging evidence suggest that the Notch signaling
network is frequently deregulated in human malignancies
with up-regulated expression of Notch receptors and their
ligands in cervical, lung, colon, head and neck, renal carci-
noma, acute myeloid, Hodgkin and large-cell lymphomas
and pancreatic cancer [6,14–17].

Moreover, patients with tumors expressing high levels
of Jagged-1 or Notch-1 had a significantly poorer overall
survival compared with patients expressing low levels of
these genes [18–20]. Jagged-1 was also found to be highly
expressed in metastatic prostate cancer compared to local-
ized prostate cancer or benign prostatic tissues [18]. Fur-
thermore, high Jagged-1 expression in a subset of
clinically localized tumors was significantly associated
with recurrence, suggesting that Jagged-1 may be a useful
marker in distinguishing indolent vs. aggressive prostate
carcinomas [18]. Notch signaling pathway has also been
reported to cross-talk with multiple oncogenic signaling
pathways, such as NF-jB, Akt, Sonic hedgehog (Shh),
mTOR, Ras, Wnt, estrogen receptor (ER), androgen receptor
(AR), epidermal growth factor receptor (EGFR) and plate-
let-derived growth factor (PDGF) [14,21–25], and thus it
is believed that the cross-talk between Notch and other
signaling pathways may play critical roles in tumor aggres-
siveness. The main features of these pathways and cross-
talk with Notch signaling have recently been reviewed,
and thus the readers who are interested in learning more
on the cross-talk between these pathways and Notch path-
way are referred published review articles [1,6,7,24,25].
Recently, microRNAs (miRNAs) have been reported to
cross-talk with Notch pathway for its regulation [26–30],
suggesting that the post-transcriptional and/or transla-
tional regulation of genes by miRNAs are becoming criti-
cally important. Therefore, in the following sections, we
have attempted to summarize the functional role of miR-
NAs in Notch signaling pathway.
2. miRNAs

In recent years, a large body of literature has emerged
documenting the biological significance of miRNAs in tu-
mor progression [31–33]. Over 4500 miRNAs have been
identified in vertebrates, flies, worms, plants and viruses
after the first miRNA, which was discovered in 1993 while
studying Caenorhabditis elegans [34]. It is well known that
miRNAs work as integral players in cancer biology. The
miRNAs elicit their regulatory effects in post-transcrip-
tional regulation by binding to the 30 untranslated region
(30 UTR) of target messenger RNA (mRNA). Either perfect
or near perfect complimentary base pairing results in the
degradation of the mRNA, while partial base pairing leads
to translational inhibition to functional proteins [35]. The
miRNAs have been implicated in a wide array of cell func-
tions in many normal biological processes, including cell
proliferation, differentiation, apoptosis, and stress resis-
tance [36]. It has also been shown that miRNAs are key
players in human cancer. The reason why miRNAs are con-
nected with cancer is that miRNAs are involved in the bio-
logical processes of cell proliferation and apoptosis, the
two intimately linked processes that are critically involved
in the development and progression of human malignan-
cies. It has been reported that there are aberrant expres-
sion of miRNAs when comparing various types of cancer
with normal tissues [37]. It is very important to note that
some miRNAs are thought to have oncogenic activity while
others have tumor suppressor activity as indicated earlier.
Oncogenic miRNAs are up-regulated in cancer and contrib-
ute to its pathology through various mechanisms such as
targeting tumor suppressor genes. In contrast to the onco-
genic miRNAs, other miRNAs are considered to have tumor
suppressor activity and are down-regulated in cancer
[38,39]. However, these distinctions may not be so strict,
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suggesting that some miRNAs may express either activity,
depending on the biological context and tissue type.

Recent studies also suggest that miRNAs could have
diagnostic, prognostic, and therapeutic value. For example,
up-regulation of miR-21 is strongly associated with both a
high Ki-67 proliferative index and the presence of liver
metastasis [40]. High expression of miR-196a-2 had a
median survival of 14.3 months compared with a median
of 26.5 months for those with low expression in pancreatic
cancer [41], suggesting that miR-196a-2 could be impor-
tant predictor of survival. Moreover, high expression of
miR-15b was significantly associated with poor prognosis
and tumorigenesis in melanoma [42]. Furthermore, Pa-
tients whose liver tumors had low miR-26 expression
had shorter overall survival [43]. Many other published pa-
pers showed that miRNAs expression profiling not only can
be used in diagnosis, but can also be used as prognostic
markers in cancer [37]. Although the research studies for
the role of miRNAs in cancer have exploded in recent years,
the question remains whether the alteration in miRNAs
expression could be ascertained as the cause or the conse-
quence of cancer development [37]. It is not clear for the
specific targets and functions of miRNAs although there
are several excellent review articles published document-
ing the role of miRNAs in human cancers [31–37,44], and
thus we will not discuss the functions of miRNAs in cancers
in this article rather we will present evidence regarding the
cross-talk regulation of Notch and miRNAs in cancer devel-
opment and progression.
3. Cross-talk between Notch and miRNAs

Recently, it has been reported that miRNAs play critical
roles in Notch signaling pathway. Several miRNAs have
been shown to cross-talk with Notch pathway. However,
the role of miRNAs in the Notch pathway remains unclear.
Therefore, in this article, we will discuss the effect of miR-
NAs in the Notch signaling pathway and their cross-talk in
tumor development and progression.
3.1. miR-1

It has been well known that some miRNAs have tumor
suppressor activity and are down-regulated in cancer.
One such miRNA which belongs to tumor suppressor group
is the miR-1. In several studies investigating the expression
levels of miR-1, the authors have found that the miR-1 was
markedly reduced in primary human hepatocellular carci-
noma (HCC), prostate cancer, head and neck, and lung can-
cer [45–49]. Datta et al. have shown that ectopic
expression of miR-1 inhibited HCC cell growth and reduced
clonogenic survival [47]. In prostate cancer cell lines,
transfection with miR-1 represses the expression of its tar-
get genes exportin-6 and protein tyrosine kinase 9 [45].
Nasser et al. reported that re-expression of miR-1 in lung
cancer cells reversed their tumorigenic properties, includ-
ing growth, migration, clonogenic survival, and tumor for-
mation in nude mice. The anti-tumor effect of miR-1 in
lung cancer may be mediated through down-regulation
of oncogenic targets, such as MET, Pim-1, FoxP1, and
HDAC-4. Further, ectopic miR-1 expression was found to
induce apoptosis in lung cancer cells in response to the po-
tent anticancer drug doxorubicin, suggesting that miR-1
has potential therapeutic application against lung cancers
[48]. Interestingly, the exon 1 and intron 1 of miR-1-1
was methylated in HCC cell lines and in primary human
HCC [47]. Recently, it has been reported that miR-1 regu-
lated Notch signaling pathway. Kwon et al. reported that
miR-1 directly targets the Notch ligand delta in Drosophila
for repression [50]. Recently, it has also been found that
Dll-1 protein levels are negatively regulated by miR-1 in
mouse embryonic stem cells [51]. These results suggest
that miR-1 could regulate the Notch signaling pathway;
however further in-depth research is needed in order to
fully understanding how miR-1 regulate the Notch
pathway.

3.2. miR-34

Another important miRNA is miR-34, which has been
found to participate in p53 and Notch pathways regulation
consistent with tumor suppressor activity [29,52]. In mam-
malians, the miR-34 family is composed of three processed
miRNAs: miR-34a is encoded by its own transcript,
whereas miR-34b and miR-34c share a common primary
transcript. It has been reported that the expression of
miR-34a was lower or undetectable in pancreatic cancer,
osteosarcoma, breast cancer and non-small cell lung can-
cer [53–56]. Recently, the inactivation of miR-34a was
identified in cell lines derived from some tumors including
lung, breast, colon, kidney, bladder, pancreas and mela-
noma [57]. More recently, the inactivation of miR-34b/c
due to CpG methylation was found in malignant mela-
noma, colorectal cancer, and oral squamous cell carcinoma
[58–60]. Moreover, lower levels of miR-34a expression was
correlated with higher probability of relapse in non-small
cell lung cancer (NSCLC), suggesting that miR-34a could
work as a novel prognostic marker in NSCLC patients
[61]. All published data to-date suggests that the inactiva-
tion of the miR-34 is a common event in human
malignancies.

The reports from several groups have shown that the
members of the miR-34 family could direct p53 signaling.
Expectedly, ectopic miR-34 inhibited cell proliferation, col-
ony formation, and caused a cell cycle arrest in the G1
phase [53,62]. Moreover, re-expression of miR-34a in-
duced apoptotic cell death [52]. It has been suggested that
miR-34-mediated apoptosis could be suppressed by inacti-
vation of p53 gene. It was also documented that miR-34a
could target several mRNAs, such as SIRT1, Bcl-2, N-myc,
cyclin D1, leading to translational repression of these genes
[53,63,64]. Recently, Li et al. reported that transfection of
miR-34a to glioma cells down-regulated the protein
expression of Notch-1, Notch-2, and CDK6 [26]. More re-
cently, Ji et al. reported that human gastric cancer cells
with miR-34 restoration reduced the expression of target
gene Notch [28]. Very recently, the same group reported
that Notch-1 and Notch-2 is downstream genes of miR-
34 in pancreatic cancer cells. They found that restoration
of miR-34 expression in the pancreatic cancer cells
down-regulated Notch-1 and Notch-2 [29]. They also re-
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ported that pancreatic cancer stem cells are enriched with
tumor-initiating cells or cancer stem cells with high levels
of Notch-1/2 and loss of miR-34. These results suggested
that miR-34 may be involved in pancreatic cancer stem cell
self-renewal, potentially via the direct modulation of
downstream target Notch [29]. Taken together, it may be
possible to restore miR-34 function for cancer therapeutic
for which novel and innovative research is warranted.

3.3. miR-146

The miR-146 was previously reported to function as no-
vel negative regulators that help to fine-tune the immune
response. Konstantin et al. described the role for miR-146
in the control of Toll-like receptor and cytokine signaling
through a negative feedback regulation loop involving
inhibition of TNF receptor-associated factor 6 protein and
IL-1 receptor-associated kinase 1 levels [65]. Recently, it
has been found that miR-146a/b acts as terminal transduc-
ers of TLR4 signaling by targeting NF-jB activation by TLR4
[66]. They also demonstrated a decrease in miR-146b in
adult T-cell Leukemia cells. The decrease in miR-146b
may lead to increased inflammation and decreased T-reg
functions, resulting in leukemia [66]. Very recently, miR-
146a has been found to have the strongest predictive accu-
racy for stratifying prognostic groups and have also shown
superiority in predicting overall survival in lung squamous
cell carcinoma [67]. The miR-146 has been reported to
cross-talk with breast cancer metastasis suppressor 1
(BRMS1), a predominantly nuclear protein that inhibits
metastasis without blocking orthotopic tumor growth.
Specifically, BRMS1 significantly up-regulates miR-146a
and miR-146b in breast cancer cells. Transduction of
miR-146a or miR-146b into breast cancer cells decreased
expression of epidermal growth factor receptor, down-reg-
ulated NF-jB activity, inhibited migration and invasion
in vitro, and suppressed lung metastasis in experimental
xenograft models [68,69]. These provided experimental
support suggesting that the modulation in the levels of
miR-146 could have therapeutic value in inhibiting breast
cancer metastasis. Very recently, miR-146a was found to
regulate Numb in C2C12 cells [27], which is interesting be-
cause Numb is known to regulate Notch signaling nega-
tively through interaction with Notch and the subsequent
ubiquitin-mediated protein degradation. Indeed, Notch
activation and the loss of Numb expression were found
in a large proportion of breast carcinomas [70,71]. It has
been reported that over-expression of Notch-1 stimulates
NF-jB activity in several cancer cell lines [72] and since
miR-146 also regulate NF-jB activity, it clearly suggest
that miR-146 could regulate NF-jB through Notch medi-
ated signaling pathway. However, the role of miR-146 in
Notch signaling pathway need further innovative
investigations.

3.4. miR-199

It has been reported that miR-199a was down-modu-
lated in ovarian cancer [73]. Murakami et al. also found
that miR-199a was down-regulated in hepatocellular can-
cer. Moreover, they found that over-expression of miR-
199a can introduce cell cycle arrest in G2/M phase [74]. Re-
cently, It was reported that miR-199a and miR-199b were
down-regulated after 4-(methylnitrosamino)-1-(3-pyri-
dyl)-1-butanone (NNK), a potent tobacco-specific carcino-
gen, treated rats up to 20 weeks [75]. Very recently, miR-
199b-5p was seen to be a regulator of the Notch pathway
through its targeting of the transcription factor Hes-1 in
medulloblastoma (MB) tumors. Inhibition of Hes-1 by
miR-199b-5p negatively regulated the MB cell growth.
Moreover, over-expression of miR-199b-5p decreased the
MB stem-like cells (CD133+) and also blocked expression
of several cancer stem-cell genes. Further, the expression
of miR-199b-5p in the non-metastatic cases was signifi-
cantly higher than in the metastatic cases. The patients
with high levels of miR-199b expression showed a better
overall survival [30]. These results clearly suggest that
miR-199 family could be very important in the regulation
of multiple signaling pathways including Notch, and thus
further in-depth studies are needed in order to clarify the
biological significance and mechanisms on how miR-199
can regulate the Notch signaling pathway in human
cancers.

3.5. miR-200

The microRNA-200 family has five members: miR-200a,
miR-200b, miR-200c, miR-141 and miR-429. The miR-200c
was down-regulated in benign or malignant hepatocellular
tumors [76]. It has been shown that three miR-200 miRNAs
(miR-200a, miR-200b and miR-429) are significantly asso-
ciated with cancer recurrence and overall survival in ovar-
ian tumors [77]. Recently many studies have shown that
the miR-200 family regulates epithelial–mesenchymal
transition (EMT) by targeting zinc-finger E-box binding
homeobox 1 (ZEB1) and ZEB2 [78–81]. EMT is a process
by which epithelial cells undergo remarkable morphologi-
cal changes characterized by a transition from epithelial
cobblestone phenotype to elongated fibroblastic pheno-
type. We have found that PDGF-D over-expression led to
the acquisition of EMT phenotype in PC-3 prostate cells
(PC3 PDGF-D cells) consistent with loss of miR-200 expres-
sion, and that the re-expression of miR-200b in PC3 PDGF-
D cells led to the reversal of the EMT phenotype, which was
associated with the down-regulation of ZEB1, ZEB2, and
Snail2 expression [82]. Moreover, transfection of PC3
PDGF-D cells with miR-200b inhibited cell migration and
invasion with concomitant repression of cell adhesion to
the culture surface and cell detachment [82]. We also
found that miR-200a, miR-200b, miR-200c, and many
members of the tumor suppressor let-7 family were
down-regulated in gemcitabine-resistant (GR) pancreatic
cancer cells, which show the acquisition of EMT phenotype
[83]. Furthermore, we have shown that miR-200 family
regulates the expression of ZEB1, slug, E-cadherin, and
vimentin, and thus the re-expression of miR-200 could be
useful for the reversal of EMT phenotype to mesenchy-
mal-to-epithelial transition [83]. We have found that the
expression of both mRNA and protein levels of Notch-1
to -4, Dll-1, Dll-3, Dll-4, Jagged-2 as well as Notch down-
stream targets, such as Hes and Hey, were significantly
higher in PC3 PDGF-D cells (unpublished data). More
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importantly, we found that Notch-1 could be one of miR-
200b targets because over-expression of miR-200b signifi-
cantly inhibited Notch-1 expression (unpublished data).
However, how the miR-200b regulates Notch gene expres-
sion will certainly require further in-depth investigations.
Fig. 2. Diagram of roles of miRNA in the Notch pathway.
4. miRNA as targets by natural agents

Emerging experimental studies have shown that target-
ing miRNA could be a novel strategy for cancer prevention
and/or treatment. There are several strategies that could be
used for targeting the regulation of miRNAs, which could
be useful tool for the inhibition of tumor progression
and, as such, could be useful for therapy. One potential
strategy could be the inactivation of oncogenic miRNAs.
It has been found that 20-O-methyl oligonucleotides or
locked nucleic acid-modified oligonucleotides can block
miRNA function. For example, using this anti-sense oligo-
nucleotide, one could significantly decrease the activity
of miR-21 as compared to control oligonucleotides [84].
Another strategy is to restore down-regulated miRNAs that
function as tumor suppressors, such as let-7. It has been
shown that over-expression of let-7 by using exogenously
transfected pre-let-7 RNAs consistently showed reduction
in the number of proliferating cells in lung and liver cancer
cell lines [85]. This finding clearly suggests the possibility
of restoration of tumor suppressor miRNAs toward cancer
therapy. A third possible strategy could be the use of ‘‘nat-
ural agents” to target miRNAs that are known to contribute
in the processes of tumor development and progression.

To that end, recent studies have shown that ‘‘natural
agents” including curcumin, isoflavone, indole-3-carbinol
(I3C), 3,30-diindolylmethane (DIM), EGCG, and others could
alter the expression of specific miRNAs, which may lead to
increased sensitivity of cancer cells to conventional thera-
peutic agents, and thereby may result in the inhibition of
tumor growth. We have found that alteration in the
expression of miRNAs could be achieved by treating cancer
cells with DIM or isoflavone. We have shown that treat-
ment of Panc-1 or Colo-357 cells with B-DIM or genistein
(isoflavone) showed decreased expression of the oncogenic
miRNA such as miR-17, miR-20a, miR-106a, and increased
the expression of the tumor suppressor miRNAs such as
let-7, miR-16-1 [86]. Our results clearly suggest that ‘‘nat-
ural agents” may exhibit their anti-tumor effects through
the regulation of miRNAs. Further support to this state-
ment comes from findings reported by Sun et al. showing
that curcumin could alter specific miRNA expression in hu-
man pancreatic cancer cells especially showing up-regula-
tion of miR-22. They also found that up-regulation of miR-
22 expression by curcumin in pancreatic cancer cells sup-
pressed the expression of its target genes SP1 transcription
factor (SP1) and estrogen receptor 1 (ESR1) [87]. Melkamu
et al. reported that I3C can inhibit the expression of several
oncogenic miRNAs, such as miR-21, miR-31, miR-130a,
miR-146b, and miR-377 in vinyl carbamate treated ani-
mals. Further investigation showed that I3C up-regulated
PTEN tumor suppressor gene though inhibition of miR-21
[49]. Tsang et al. recently reported that EGCG treatment
could up-regulate the expressions of miR-16 in human
hepatocellular carcinoma cells [88]. We also found that
the expression of miR-200 and let-7 families could be up-
regulated in gemcitabine resistant cells by DIM or isoflav-
one treatment as indicated above. Our results also showed
that DIM treatment cause down-regulation of ZEB1, slug,
and vimentin, and the morphologic reversal of EMT to epi-
thelial morphology [83]. Considering the non-toxic charac-
teristics of ‘‘natural agents”, one could speculate that
targeting miRNAs by ‘‘natural agents” could be a novel
and safer approach for the prevention of tumor progression
and/or treatment of human malignancies in the future.

5. Concluding remarks

In conclusion, we believe that the deregulation of miR-
NAs plays important roles in the development and progres-
sion of human cancers, and during the acquisition of EMT
phenotype that are in part associated with the formation
and maintenance of cancer stem cells (CSCs). Importantly,
miRNAs have been characterized as biomarkers for diagno-
sis and prognosis, as well as targets for cancer therapy.
Although emerging evidence suggest an interrelationship
between miRNAs and Notch signaling pathway (Fig. 2), fur-
ther research is warranted to ascertain the value of specific
miRNA in the regulation of Notch signaling in order to ex-
ploit preventive and therapeutic strategies. Due to the non-
toxic nature of ‘‘natural agents”, we believe that targeting
miRNAs by ‘‘natural agents” combined with conventional
chemotherapeutics could be a novel and safer approach
for the treatment of cancer. The findings reported in the
short review article are very interesting; however, further
investigations are needed in order to elucidate the roles
of these and numerous other miRNAs that could be mech-
anistically linked with Notch and other cell signaling, and
devising novel approaches on how ‘‘natural agents” could
be useful in combination therapy for the prevention and/
or treatment of human malignancies in the future.
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The Notch signaling pathway is known to be responsible for maintaining a balance
between cell proliferation and death and, as such, plays important roles in the formation
of many types of human tumors. Recently, Notch signaling pathway has been shown to
control stem cell self-renewal and multi-potency. As many cancers are thought to be devel-
oped from a number of cancer stem-like cells, which are also known to be linked with the
acquisition of epithelial-mesenchymal transition (EMT); and thus suggesting an expanding
role of Notch signaling in human tumor progression.

� 2008 Elsevier Ireland Ltd. All rights reserved.
1. Notch pathway

Notch signaling is involved in cell proliferation and
apoptosis which affects the development and function of
many organs. Notch genes encode proteins which can be
activated by interacting with a family of its ligands. Upon
activation, Notch is cleaved, releasing intracellular domain
of the Notch (ICN) through a cascade of proteolytic cleav-
ages by the metalloprotease tumor necrosis factor-a-con-
verting enzyme (TACE) and c-secretase. The first cleavage
is mediated by TACE, which cleaves the receptor in the
extracellular domain. The released extracellular domain
is then trans-endocytosed by the ligand-expressing cell.
The second cleavage caused by the c-secretase activity of
a multi-protein complex consisting of presenilin, nicastrin,
etc. releasing the intracellular fragment of Notch (ICN)
which is then ready to be translocated into the nucleus
for transcriptional activation of Notch target genes [1,2].
Therefore, inhibiting c-secretase activity could prevent
the cleavage of the Notch receptor, thus blocking Notch
signal transduction.

In the absence of ICN cleavage, transcription of Notch
target genes is inhibited by a repressor complex mediated
and Ltd. All rights reserved.

x: +1 313 576 8389.
rkar).
by the CSL (CBF1, Suppressor of Hairlesss or Lag-1). When
ICN enters the nucleus, it recruits transcription activators
to the CSL complex and converts it from a transcriptional
repressor into an activator, which activates the Notch tar-
get genes [1,2]. To date, four vertebrate Notch genes have
been identified: Notch-1-4. In addition, five ligands, such
as Dll-1, Dll-3, Dll-4, Jagged-1 and Jagged-2, have been
found in mammals. A few Notch target genes have also
been identified, some of which are dependent on Notch
signaling in multiple tissues, while others are tissue spe-
cific. Notch target genes include the Hes-1 (Hairy enhance
of split-1), Nuclear factor-jB (NF-jB), Cyclin D1, c-myc,
etc. [1]. Multiple oncogenic pathways, such as NF-jB,
Akt, Sonic hedgehog (Shh), mammalian target of rapamy-
cin (mTOR), Ras, Wnt, epidermal growth factor receptor
(EGFR) and platelet-derived growth factor (PDGF) signaling
have been reported to cross-talk with Notch pathway and,
thus it is generally believed that the cross-talk between
Notch and other signaling pathways plays important roles
in cancer stem cells and tumor aggressiveness [3–9] as dis-
cussed below.

2. Stem cells and cancer stem-like cells

Recent results have indicated that Notch signaling
pathway contributes to cancer progression by activating

mailto:fsarkar@med.wayne.edu
http://www.sciencedirect.com/science/journal/03043835
http://www.elsevier.com/locate/canlet
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transcription factors that promote cell survival, motility, and
tumor angiogenesis. Recently, many reports describing
molecular connections between Notch regulated transcrip-
tion factors and pathways known to control stem cell func-
tion, further suggesting a new mechanism claiming that
Notch may drive tumor growth through the generation or
expansion of tumor-initiating cells or cancer stem-like cells
[10–15].

Stem cells are characterized by their capacity to self-re-
newal, and differentiate into the full spectrum of cells
forming a particular organism or tissue. Stem cells consists
three major types: embryonic, germinal, and somatic [16].
The inner cell mass of the blastocyst generates embryonic
stem cells. The embryonic stem cells have the capacity to
generate any cell types in the mature organism, and also
have unlimited capacity to replicate. Germinal stem cells
come from the germinal layer of the embryo and they dif-
ferentiate to generate specific organs. Somatic stem cells
have the capacity to self-renew and differentiate into many
types of cells that are the characteristics of a specific organ
or tissue [16].

Stem cells often stay at locations which are called stem
cell niches. Specifically, stem cell niches are defined as par-
ticular locations or microenvironments that maintain the
combined properties of stem cell self-renewal and multi-
potency. There are three kinds of stem cell niches such as
simple niches, complex niches, and storage niches [17].
Simple niches are defined as a specific location in a tissue
where stem cells can reside for an indefinite period of time
and produce progeny cells while self-renewing. In general,
a stem cell is associated with a permanent partner cell
through an adherent junction. The stem cells divide to
release another stem cell and a differentiating daughter cell.
Complex niches mean that two or more different stem cells
are supported by one or more different partner cells. Their
activity is coordinately regulated to generate multiple prog-
eny of cells by niche regulatory signals. Storage niches are
locations that quiescent stem cells are maintained in a niche
until activated by external signals to divide and migrate [17].

A combination of genetic and molecular analyses has
identified many factors that support stem cell niche that
also control stem cell identity. These factors include com-
ponents of Notch, Wnt, and Sonic hedgehog (Shh) signaling
pathway [18–20]. It has been suggested that the capability
of a tumor to grow and propagate is due to a small subset
of cells within the tumor, termed cancer stem-like cells
(CSCs). Although the concept of ‘‘cancer stem-like cell”
was first proposed more then 150 years ago, it has become
more attractive recently due to advances in stem cell biol-
ogy, leading to the identification of these cells from a wide
variety of human cancers [21]. CSCs have been identified
and isolated from tumors of the hematopoietic system,
breast, lung, prostate, colon, brain, head and neck, and pan-
creas [22]. CSCs are able to self-renew, differentiate, and
regenerate to a phenotypic cells of the original tumor
when implanted into the severe combined immunodefi-
cient mouse [22]. The concept of CSCs have generated
considerable attention in recent years, which is likely to
provide clear understanding of tumor biology, and for
designing novel therapy targeted toward these cells for
the complete eradication of tumor growth.
3. Notch pathway in stem cells

It has been reported that altered Notch signaling affects
the function of a variety of mammalian stem cells such as
hematopoietic, intestinal, and skin stem cells, and intesti-
nal stem cells in Drosophila and germ stem cells in C. ele-
gans [17,19,23]. Recently, Ohlstein et al. reported that
intestinal stem cells (ISCs) in adult Drosophila midgut
containing high levels of cytoplasmic Delta-rich vesicles
activate the canonical Notch pathway and down-regulate
Delta within their daughters, a process that programs
these daughters to become enterocytes. However, ISCs
expressing little vesiculate Delta, or being impaired in
Notch signaling, specify their daughters to become ente-
roendocrine cells. Thus, ISCs control daughter cell fate by
modulating Notch signaling over time, suggesting that ISCs
actively coordinate cell production with local tissue
requirements regulated by Notch signaling pathway [24].

The Drosophila germline stem cells (GSCs) reside in a
somatic cell niche. Ward et al. showed that Notch activa-
tion can induce the expression of niche-cell markers even
in an adult fly. Over-expression of Delta in the germline,
or activated Notch in the somatic cells, results in extra
niche cells, up to 10-fold over the normal number. In turn,
these ectopic niche cells induce ectopic GSCs [25]. In addi-
tion, Notch signaling is required for hypoxia promoting the
undifferentiated cell state in various stem and precursor
cell populations. Hypoxia blocks neuronal and myogenic
differentiation in a Notch-dependent manner. Hypoxia
activates Notch-responsive promoters and increases
expression of Notch directed downstream genes such as
Hes-1 and Hey-2. The ICN interacts with HIF-1a, and HIF-
1a is recruited to Notch-responsive promoters upon Notch
activation under hypoxic conditions. These data provide
molecular insights into how Notch controls the cellular dif-
ferentiation status [26] and the maintenance of stem cells.

Notch signaling is also critical for the maintenance of
undifferentiated stem and progenitor cell populations in
the mammalian intestinal crypt and also influences differ-
entiation of mature enterocytes [10]. Wilson and Radtke
suggested that many of the general Notch functions such
as stem cell gate keeper, influencing binary cell fate deci-
sions or induction of terminal differentiation processes
exists in invertebrates and self-renewing organ systems
of mammals [10]. In the intestine, Notch plays a gate-kee-
per function for crypt progenitor cells. Notch also seems to
control binary cell fate decisions of cells that have to
choose between the secretory and adsorptive lineages,
most likely by Notch induced expression of Hes-1 [10,27].
4. Notch pathway in cancer stem cells

Cancer stem cells constitute a small subset of cancer
cells being a reservoir of self-sustaining cells with the
exclusive ability to self-renew and maintain the tumor.
These cells are characterized by specific stem cell markers:
antigens, molecules and signaling pathways. The pathways
that regulate self-renewal and cell fate in these systems are
beginning to be elucidated. Transcription factors and mol-
ecules associated with oncogenesis, such as Notch, NF-jB,
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B lymphoma Mo-MLV insertion region (Bmi-1), Wnt, Sonic
hedgehog pathways, are active only in a small minority of
cancer cells although they may play key roles in determin-
ing the biological behavior of a tumor [28]. Katoh reported
that the balance between Wnt-FGF-Notch and BMP-
Hedgehog signaling networks is important for the mainte-
nance of homeostasis among stem and progenitor cells.
Disruption of the stem cell signaling network results in
congenital diseases and cancer [29]. In addition to path-
ways such as Wnt, Notch and Hedgehog are known to reg-
ulate self-renewal of normal stem cells, while tumor
suppressor genes such as PTEN (phosphatase and tensin
homolog on chromosome 10) and P53 (tumor protein
p53) are also reported to have implications in the regula-
tion of cancer stem cell self-renewal [21].

It has been reported that Notch signaling plays a critical
role in normal human mammary development by acting on
both stem cells and progenitor cells, suggesting that abnor-
mal Notch signaling may contribute to mammary carcino-
genesis by deregulating the self-renewal of normal
mammary stem cells [30]. Dontu et al. observed a 10-fold
increase in secondary mammosphere formation upon addi-
tion of a Notch-activating DSL peptide, suggesting that
Notch signaling can act on mammary stem cells to promote
self-renewal. Notch signaling was also found to act on
multi-potent progenitor cells, facilitating myoepithelial
lineage-specific commitment and proliferation. Phillips et
al. reported that cancer stem cells can be identified by phe-
notypic markers and their fate is controlled by the Notch
pathway in breast cancer. Recombinant human erythropoi-
etin receptor increased the numbers of stem cells and
self-renewing capacity in a Notch-dependent fashion by
induction of Jagged-1. Inhibitors of the Notch pathway
blocked this effect, suggesting the mechanistic role of
Notch signaling in the maintenance of cancer stem-like cell
phenotype [31]. Farnie and Clarke also provided evidence
for breast cancer stem cells, and their studies have consis-
tently shown that stem-like cells and breast cancer initiat-
ing populations can be enriched using cell surface makers
CD44+/CD24� and, as such, these cells showed up-regu-
lated genes including Notch that are known to contribute
to cancer stem-like cells characteristics [32].

A small population of cancer stem cells obtained from
brain tumors could form neurospheres, which have the
capacity for self-renewal, and are able to differentiate into
diverse populations including neuronal, astrocytic and oli-
godendroglial cells when dissociated in single cell suspen-
sion [33,34]. The small population of stem cells, also
termed ‘‘side population” (SP), has been found in long-term
culture of glioma cell lines such as human U87-MG and
U373-MG [35]. SP stem cells have elevated chemo-resis-
tance because of the high expression levels of drug-trans-
porter proteins such as ABCG2, an ATP-binding cassette
half-transporter associated with multi-drug resistance.
Furthermore, ABCG2 expression is also associated with
proliferation, and the ABCG2 positive cells preferentially
expresses several ‘‘stemness” genes such as Notch-1 [35].

Since gliomas are the most common tumors of the cen-
tral nervous system and an important cause of mental
impairment and death, emerging research has been inten-
sified for this disease. Increasing body of evidence suggests
that gliomas may rise from cancer stem cells sharing with
neural stem cells the capacity of self-renewal and multi-
potency. Interestingly, Notch signaling has been shown to
be involved in promoting the formation of cancer stem
cell-like cells in human glioma. Notch signaling is appears
to be essential for the maintenance of neural stem cells
(NSC), by enhancing the NSC self-renewal and by inhibiting
its differentiation into neuronal and glial progenitor
[36–38]. In addition, Notch signaling prevents nestin deg-
radation during neural stem cell differentiation, by a mech-
anism that involves ubiquitin-proteosome pathways [39].
Recent data also suggest that Notch signaling can directly
up-regulate nestin expression in gliomas, and cooperate
with K-ras to lead to their expansion within the subven-
tricular zone and retention of proliferation and nestin
expression [40]. Recently, Zhang et al. reported that over-
expression of Notch-1 in SHG-44 glioma cells promoted
the growth and the colony-forming activity of these cells.
Moreover, over-expression of ICN increased the formation
neurosphere-like colonies in the presence of growth fac-
tors. These colonies expressed nestin, and these cells could
be induced to cell types that expresses specific markers
such as neuron, astrocyte, or oligodendrocyte, which is
consistent with phenotypes of neural stem cells, suggest-
ing that potential functions of the Notch pathway in the
formation of cancer stem cells in human glioma [41]. Fan
et al. also found that Notch blockade reduced the CD133-
positive cell fraction almost 5-fold and totally abolished
the side population. These data suggested that the loss of
tumor-forming capacity could be due to the depletion of
stem-like cells. Notch signaling levels were higher in the
stem-like cell fraction, providing a potential mechanism
for their increased sensitivity to the inhibition of this path-
way. They also observed that apoptotic rates following
Notch blockade were almost 10-fold higher in primitive
nestin-positive cells as compared with nestin-negative
cells. Stem-like cells in brain tumors thus seems to be
selectively vulnerable to agents that will inhibit the Notch
pathway [42].

Moreover, Jagged-2, a Notch ligand, was found to be
over-expressed in the leukemic stem cells (LSC) samples.
DAPT, an inhibitor of gamma-secretase, a protease that is
involved in Jagged and Notch signaling, inhibits LSC
growth as documented by colony formation assays [43].
Taken together, these results suggested that Notch path-
way plays an important role in cancer stem-like cells and
thus Notch signaling pathways appears to be a legitimate
target for cancer therapy.
5. Notch pathway in multiple cancer and cancer stem
cells

Emerging evidence clearly suggest that cancers can
grow from cancer stem cells. In cancer stem cells, Notch
pathway is believed to be deregulated, leading to uncon-
trolled self-renewal of cancer stem cells which generate
tumor mass. Indeed, Notch gene is abnormally activated
in many human malignancies. It has been reported that
the Notch signaling network is frequently deregulated in
human malignancies with up-regulated expression of
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Notch receptors and their ligands in cervical, lung, colon,
head and neck, renal carcinoma, acute myeloid, Hodgkin
and Large-cell lymphomas and pancreatic cancer
[1,2,9,44]. However, in a limited number of tumor types,
including human hepatocellular carcinoma, skin and small
lung cancer, Notch signaling is anti-proliferative rather
than oncogenic [1,2], suggesting that further molecular
and mechanistic studies are warranted to ascertain the
specific role of Notch family of proteins in cancer stem-like
cells. High-level expression of Notch-1 and Jagged-1 was
found to be associated with poor prognosis in breast cancer
and prostate cancer. The tumor expressing high levels of
Jagged-1 protein in patients had a worse outcome than
those with tumors expressing low levels [45,46]. Recent
reports have shown that Notch-1 expression regulates cell
death through both apoptosis and cell cycle pathways in
erythroleukemia cells with regulation of c-Jun N-terminal
kinase (JNK), Bcl-xL, p21cip1, p27kip1, NF-jB and the retino-
blastoma protein Rb [2,47]. The growing body of literature
strongly suggests the biological relevance of Notch signal-
ing in cancer cell growth, invasion and metastasis, which
further suggest that the inactivation of Notch signaling
by novel approach could be useful for cancer therapy.
Interestingly, we found that Notch is much more activated
in gemcitabine resistant L3.6pl pancreatic cancer cells
which showed typical characteristics of EMT phenotype
as reported previously [48]. Moreover, we have previously
found that a natural product, curcumin is a potent agent in
the down-regulation of Notch signaling in pancreatic can-
cer [49]; however the mechanistic role and the conse-
quence of the down-regulation of Notch signaling in
EMT-type cells remains to be elucidated.

Current cancer therapeutic strategies based on tumor
regression may target and kill differentiated tumor cells,
which constitute the bulk of the tumor, while sparing the
rare cancer stem cell population. The cancer stem cell
model suggests that the design of new cancer therapeutics
may require the targeting and elimination of cancer stem
cells. Therefore eradicating cancer stem cells is an impor-
tant goal in curing cancer, and thus the Notch pathway is
considered an attractive target for treatment of cancer
because Notch-targeting will not only kill differentiated
cancer cells but could also kill cancer stem cells. Moreover
reducing Notch activity in cancer stem cells could promote
their differentiation, leading to reduce their ability to
repopulate the cells in forming tumor mass. These hypoth-
eses must be molecularly and mechanistically tested in
multiple tumor system in order to fully appreciate the role
of Notch signaling in cancer stem cells. Since Notch signal-
ing is activated via the activity of c-secretase; therefore
inhibitors of c-secretase viewed as novel target for therapy
and, as such, some inhibitors are being tested in Phase I
clinical trials, which underscores the importance of Notch
signaling for cancer therapy. These results clearly suggest
that inactivation of Notch signaling by novel approaches
is likely to have a significant impact in cancer therapy.
However, it is imperative to design new strategies based
upon molecular understanding of the Notch and other sig-
naling pathways that controls the biology of self-renewal
and survival capacity of cancer stem-like cells that are
reminiscent of EMT phenotype.
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